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Abstract 


III  recent  years,  a  number  of  powerful,  flexible,  modelling  tools  for  the  assessment  and  exploitation  of  propagation  conditions 
have  become  available.  Rapid  advances  in  mini  and  microcomputer  technology  have  put  coii.plcx  models  with  sophisticated 
user  interfaces  at  the  disposal  of  the  non-specialist  user.  These  range  from  system  design  tools  to  near  real-time  operational 
and  tactical  decision  aids  that  include  models  and  databases  of  the  necessary  environmental  parameters.  Prediction  tools  are 
required  for  communications,  radar  and  navigation  applications,  and  cover  the  frequency  spectrum  from  ELF  to  optical. 

Ine  lectures  will  concentrate  on  the  prediction  tools,  but  will  also  cove:  *'  lund  required  to  understand  the  models 

used.  The  emphasis  will  be  on  frequencies  from  HF  to  optical.  Topics  will  .  .r  jc  ioncsphc'e,  ground  wave  propagation, 
terrain  diffraction,  refractive  effects,  hydrometeors,  atmospheric  gases,  electro-  .cs  and  the  sensing  of  radiomctcorological 
parameters.  Both  empirical/statistical  system  plamiing  methods,  and  more  theoretiLally  based  detenninistic  operational 
decision  aid-'  wil!  be  covered. 

This  Lecture  Series,  sponsored  by  the  Sensor  and  Propagation  Panel  of  AGARD.  has  be  mplemented  by  the  Consultant 
and  Exchange  Programme. 


Abrege 


Au  cours  des  demieres  annees,  bon  nombre  d’outils  de  niodelisation  puissants  et  souples  pour  revaluation  et  Lexploitation 
des  conditions  de  propagation  sont  arrives  sur  le  marche.  Des  avanc^es  rapides  en  technologies  mini  et  micro  ordinateur  out 
mis  ^  la  disposition  de  I’utilisateur  non  specialise  des  modules  complexes,  incorporant  des  interfaces  utilisateiir  evoluees,  Ces 
aides  vont  des  outils  de  conception  des  systemes  k  des  aides  a  la  decision  tactique  et  operationnelle  en  temps  quasi-reel 
integrant  les  modules  et  les  bases  de  donntes  des  param^tres  de  I’environnement  necessaires,  Des  outils  de  prediction  sont 
demand6s  pour  des  applications  aux  communications,  aux  radars  et  a  la  navigation,  couvrant  le  spectre  de  frequences  du  ELF 
a  I’optique. 

Les  presentations  se  concentreront  sur  les  outils  de  prediction  mais  elles  couvriront  egalement  les  technologies  de  base 
nece.ssaire.s  k  la  comprehension  des  modules  utilises.  L’ accent  sera  mis  sur  la  gamme  de  frequences  du  HF  a  I’optique.  Les 
sujets  traites  comprendont  1’ ionosphere,  la  propagation  des  ondes  de  sol,  la  diffraction  du  terrain,  les  effets  de  refraction,  les 
hydreometfores,  les  gaz  atmo.spheriques,  I’eiectro-optique  et  la  detection  des  parametres  radiometeorologiques.  Les  methodes 
empiriques/statistiques  de  planification  systfemes  seront  discut6es,  ainsi  que  les  aides  deterministes  a  la  decision 
operationnelle,  basees  .sur  des  considerations  d'ordre  theorique. 

Ce  cycle  de  conferences  est  presente  dans  le  cadre  du  progranune  des  consultants  et  des  echanges,  sous  I’egide  du  Panel  de 
Sensor  et  Propagation  de  1’ AGARD. 
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Propagation  Modelling  and  Decision  Aids  for 
Communications,  Radar  and  Navigation  Systems 

Introduction  and  Overview 

k.H.  Craig 

Radio  Communicalions  Research  laiit 
Riilhcriord  Appleton  Laboratory 
Chilton.  Dideot.  OX  1 1  OQX 
IK 


1  IN'I'RODCCTION 

Any  communications,  radar  or  naviaation  system  that  relies  on 
the  propagatii'ii  ol  electromagnetic  ic.m.)  waves  between  an 
emitter  and  a  receiver  is  alTected  by  the  environment  in  which 
the  waves  propagate.  .An  understanding  of  this  environment, 
and  the  way  in  which  it  affects  propagation,  is  essential  for  ;ip 
assessment  and  prediction  of  system  performance. 

The  medium  through  which  the  waves  propagate  has  a  direct 
influence  on  propagation.  In  the  HF  and  lower  freunency 
hands,  the  ionosphere  (the  ionised  region  of  the  atmosphere 
extending  from  about  H5  to  1000  km  above  the  Earth's 
surface!  has  the  greatest  etfecl.  while  at  frequencies  from  VHF 
to  optical,  the  troposphere  Ithe  non-ioni.scd.  lower  part  of  the 
atmosphere,  extending  from  the  surface  up  to  the  Iropopause 
at  a  height  of  lil-I.‘ikm)  dominates.  Variations  in  the 
rclraclivc  index  of  the  medium  determine  how  the  waves 
deviate  from  the  straight  line  paths  that  they  would  have  in 
tree  space.  These  effects  'sm  be  exploited  (for  example  to 
provide  communications  far  beyond  the  horizon)  or  can  be  a 
source  of  system  performance  degradation  (as  for  example  in 
(he  formalion  of  radar  coverage  holes).  .Attcnualion  of  (he 
signal  also  occurs  in  the  ionosphere  and  the  troposphere,  and 
scatter  from  particulates  (such  as  rain,  fog  and  smoke)  can  K-  a 
vignificant  impairment,  particularly  on  eleclro-i'ptics  .systems. 

I'he  Earth’s  surface  also  affects  system  performance.  The 
effect  may  be  direct,  by  metins  of  diffraction  and  scatter  where 
the  Earth's  bulge  or  terrain  features  intrude  into  the 
propagation  path,  or  it  may  he  indirect,  due  to  the  influence  of 
the  Earth's  surface  on  the  local  meteorology  and  hence  on  the 
refractive  index  structure  of  the  lower  atmospher  . 

The  propagation  medium  varies  in  both  time  and  space,  and  on 
various  settles.  The  spatial  scales  of  interest  range  from 
thousands  of  kilometres  for  global  communications  via  the 
ionosphere  to  less  than  a  metre  for  the  effects  of  atmospheric 
turbulence  on  optical  systems.  Time  scales  range  from  many 
years  (solar  cycle  effects  on  ionospheric  propagation)  (o  hours 
or  even  minutes  (the  scale  of  weather  phenomena). 

'Phese  lectures  address  the  modelling  of  the  effects  of  the 
propagation  environment  on  system  performance.  Much  effort 
has  been  devoted  to  this  task  and  to  improving  sensors  for  the 
direct  or  remote  sensing  of  the  environment.  In  recent  years, 
the  capabilities  of  propagation  models  have  advanced 
significantly  due  to  the  ready  availability  of  powerful  mini  and 
microcomputers. 


-  more  complex  solutions  using  numerical  mclhods  h.ive  been 
applied  to  a  wider  range  of  problems; 

-  I’.iis  in  turn  has  led  to  a  requirement  for  belter  and  mi'i'c  up- 
to-date  environmenta!  data; 

-  the  development  of  sophisticated,  interactive  user  interfaces 
on  personal  computer  systems  has  given  rise  to  propagation 
tools  that  can  be  used  hy  non-specialists; 

-  propagation  models  have  evolved  into  decision  aids  by  the 
incorporation  ol  sysier.t  performance  information.  Tbe 
scope  of  these  may  be  quite  wide,  presenting  tactical  advice 
to  the  non-specialist  user,  and  the  propagation  element  may 
be  only  one  ptirl  of  a  more  complex  system 

In  order  to  model  the  effect  of  the  eiivironmcm  on  the 
propagation  of  electromagnetic  waves,  two  components  are 
required; 

(i)  an  clectromagnetjc  wave  propagation  model; 

(ii)  measurements  or  a  model  of  the  environment  in  which  the 
waves  propagate  as  input  data  t'or  the  propagation  model. 

2  E.M.  WAVE  PROPAtJATION  MODELS 

In  principle,  a  propagation  model  for  any  e.m.  wave  problem 
is  provided  by  a  solution  of  Maxwell's  equations.  This  type  of 
model  is  deiernhnisiie  in  the  sense  that  if  the  propagation 
medium  is  characterised  exactly,  the  solution  would  also  be  an 
exact  description  of  the  propagation  conditions  for  the  given 
path  at  the  given  time.  In  practice,  of  course,  it  is  more 
complicated  than  this.  Approximations  and  simplifications  arc 
required  and  no  practical  solution  of  Maxwell's  equation  uhat 
is,  one  that  is  analytically  solvable  or  is  numerically  tractable) 
will  be  applicable  to  all  propagation  problems.  Different 
propagation  mechanisms  require  different  approximations,  and 
this  has  led  to  the  development  of  various  methodologies 
throughout  the  e.m.  spectrum.  Several  models  and  computer 
packages  have  evolved  to  deal  with  different  application  areas, 
and  one  of  the  aims  of  this  Lecture  Series  is  to  help  the  user  to 
identify  the  packages  most  relevant  to  his  or  her  area  of 
interest. 

Deterministic  models  are  particularly  relevant  when  a 
prediction  (or  even  a  forecast)  of  the  performance  of  a  specific 
system  is  required  at  a  specific  location  and  time  (for  example, 
determining  the  best  altitude  at  which  an  attack  aircraft  should 
fly  to  avoid  detection  by  an  enemy  radar).  However,  it  must  be 
emphasised  that  the  accuracy  of  a  prediction  is  critically 
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dcpciidoiU  III  ilk'  iju.iltu  i.iikl  pcLlupv  i|ikintil\i  nl  ivMl-iimo 
cm  iioniik'iUal  J.ila  .i\ .iiLililc.  ll.c  liack  uIi  ii|  i-iich 

ital-i  Is  usuall\  a  mumc  sciiiuis  cmisli-uiu  oit  the  prciliclion 
.icciiraa  v  lliaii  llic  accuiaiA  nl  llic  piiip.ia.ilnin  tiiulIcI  ilscll 

Since  the  pnipac.ilii'n  cm iiniinicnl  is  nc\ci  knmvii  cxaclK,  a 
slclcmiinisiic  appinatli  In  Ihc  pnihlcm  ina\  he  iiiuleslrahle. 
liKleei.1.  .1  predklii'ii  !iia\  Iv  leqiiiied  when  ini  direel 
nieasiirenieiu  oi  ihc  cnMinimient  is  as.nlahle  In  this  ease,  a 
preiheiiiin  nia\  still  he  pussihle,  hut  ii  itiusi  he  hasei.1  eillier  mi 
liistiMieal  ilala  cmKcniine  ihe  emirnnmenl.  m  mi 
nieasuienients  ii|  the  |x  i  lm  inanee  nl  similar  syslenis  ni  similar 
prcipae.nimi  emuiilimis  This  ,111/11171,1/  type  n!  model  is 
salTieient  im  niam  applications  In  eeiieral  the  emiiplexily  ol 
the  niikle!  is  less  than  m  the  sleterniinisti.,  ease,  and  this  e.ni 
le.kl  to  neat aiistaiuaneiuis  piediclimis  Tnipirieal  models  are 
iherelore  espe^ialli  siinahlc  tor  s\ stern  planiiine  or  simulation 
puiposes,  where  Ihe  rei|uiienient  is  more  to  aehiexe  good 
presliclion  acciiracx  'on  the  meiage",  rattier  than  lor  an 
:ikIi\ uUaii  c.ise 

I  nipirical  niiKleK  e.ni  he  l.iken  .1  step  rurtlier  hy  making 
'.il  predie'ioiis .  |oi  ex  iniple,  predicting  the  percentage 
ot  the  lime  iliat  a  given  pnipagaiion  path  will  he  "open"  tor 
somniunication.  or  the  peieenlage  ol  the  lime  that  a  link  will 
he  unnsahle  hci  aiise  01  rain  Agtiiii,  the  ■  .a;:;  ;'.pp!.vaii.,ii  is  in 
long-term  sxstem  plaiinitig 

l>(  i  nil’ll  iiul\  will  reciuiie  svsteni  inrorniation  in  .iddition  1  a 
propagation  model  and  emironnient.ii  data  The  need  lor 
perrormanee  crileria  ol  the  eommimieations.  radar  or 
navigation  system  itself  is  obvious.  However,  there  max  he  a 
need  for  other  information,  f’o'  example,  target  and 
hackgrmind  or  eliilter  characlerisiics  will  he  necessary  to 
eslmiale  the  detection  ceptihilities  of  a  radar  01  imaging 
system.  The  hum, in  operator  is  al'O  ,in  integr.il  part  of  most 
detection  syslenis.  .nid  ihe  perform, nice  of  the  operator  should 
,iIso  he  t,iken  into  ,iccotinl  and  moilehed. 

d  KNVIROWIF.N  I  \l,  DATA 

Tlhtaining  ,iiid  assimikiting  infornialioii  ,ihoi.t  the  pri'pagation 
emlrmirnenl  is  ,111  integr.il  part  of  am  decision  .rid,  in  some 
c.ises  the  dat.i  rei|ulied  will  he  essentially  sialic  and  need  only 
be  obtained  once;  ;ni  example  would  he  terrain  elevalion  data 
required  for  the  modelling  ol  terrain  diffraction.  However,  the 
propagation  medium  itself  generally  varies  vvitn  lime  and 
sensors  must  he  deployed  to  ohiaiii  limelv  and  represeiilalive 
measurements  of  Ihe  medium 

Direct  sensing  is  currently  the  most  widely  available  source  of 
data  in  the  troposphere.  prineip;illy  hy  means  of  radiosonde 
h;il!ooii  ascents  Howev'.'i  recent  developments  in  remote 
sensing  ol  the  tioposphere  show  promise  for  obtaining 
refractive  index  information  with  greater  spatial  and  temporal 
resolution  than  is  possible  by  radiosonde  methods',  groiind- 
htised  remote  sensors  are  also  less  prone  lo  detection  than  Is  a 
radiosonde  balloon  In  the  ionosphere,  remolc  sensing  by 
ionosondes  has  been  w  idely  employed  for  many  years. 

Real-time  delerminislic  prediction  (nowcascingl  and 
forecasting  models  require  a  regular  update  of  meteorological 
or  ionospheric  data  h'orccasting  of  system  performance  relies 
on  accurate  forecasts  of  the  state  of  the  propagation  medium, 
and  improvements  are  closely  tied  to  developments  in 
numerical  weather  and  ionospheric  prediction  models. 


4  COM  1. 1  SION 

rile  111. nil  anil  ol  these  leciuiss  is  to  describe  the  piop.ie.itioii 
nuKlels  and  decision  aids  ih.ii  .ire  .iv.iil.ihle  tiowevei.  in  oidei 
lo  uiiderst.ind  the  models,  .iiul  Ihe  scope  o!  iheir  .ipfviie.ihilitv 
some  b.ickground  on  the  prop.ig.ilion  nieehai.isnis  ;> 
necessary.  The  m.i|or  topic  are, is  aie  presented  m  two  luit- 
the  first  covering  the  propag.ilion  iiiech.iiiisiiis.  .md  th.'  sc^mul 
coneentratiiig  on  the  nrop.igahoii  models  .ind  decisum  .nds 

file  lectures  concenirate  on  Ireqiieiuies  Horn  III  to  opia.il 
.Although  there  are  iniporl.ini  svstem  .ipplic.ilioiis  :,i  ihe 
Irequency  hands  below  Hh  i  n.iv  ig.nion  111  [i.iiik '.il.ii  1 
propagation  modelling  .it  the  lower  trequeiicies  w.o 
extensively  covered  in  a  recent  .AGARD  puhlicaiion  |  I  [.  tins 
publication  is  complcniciiiary  10  the  present  leciiirc  senes  .md 
is  recommended  loi  further  reading.  Reference  m.iv  .ilso  he 
m.ide  to  an  .AG.-\RD  Symposium  publication  12]  which  i  oveis 
recent  rcseareh  results  and  developments  m  opei.iiioii.il 
decision  aids,  .-knother  source  of  empirical  .aid  si. iiisiie.il 
prop.igaiion  models  is  ihc  R.idiocornmunicaiions  secior  ol  ihe 
International  Telecommunication  I'nioii  ilTr  Ri.  loimerlv 
known  as  the  Consultative  Conimitlee  lnlerii.ilion.il  R.idio 
i('CTRl,  This  body  publishes  an  evtensive  series  ol  reporis  |.'| 
that  are  used  in  Ihc  design  o!  civ  il  communic.ilioiis  syslenis 

The  dissolution  of  the  \\  arsaw  Pad  and  the  "P.irlncrship  for 
Peace"  accord  has  caused  a  rca.s,,c,,..niccil  of  the  role  of  N.XTO 
Propagation  .isscssmciil  tools  will  he  required  to  maxiinisc  the 
efficiency,  effecliveness  and  liexihilily  ol  reduced  levels  ot 
forces  and  weapons  111  ihe  post  Cold  War  NATO.  The 
relevance  of  decision  aids  lo  the  new  N.ATO  sliaicgy  and 
future  directions  for  opcralional  assessment  tools  arc  discussed 
further  in  a  separate  lecture. 
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1.  Introduction 

The  ionosphere,  the  ionised  region  of  the  atmosphere 
between  about  85  km  and  1000  km  affects  all  radio 
signals  that  pass  through  or  via  it.  Some  of  the 
associated  radio  systems  can  only  operate  because  of 
the  ionosphere,  but  it  can  also  degrade  radio  system 
operation.  Sometimes  the  effects  of  the  ionosphere  are 
highly  significant,  sometimes  they  can  all  but  be 
ignored. 

If  the  ionosphere  were  stable  in  time  and  constant  in 
space  it  would  be  relatively  easy  to  determine  the  effect 
of  the  ionisation  on  the  radio  propagation  and  hence  on 
the  radio  system.  Unfortunately,  stability  is  not  the 
nortn,  particularly  in  the  high  latitude  regions  ICri/wo/i, 
1989),  and  ;is  a  consequence  propagation  models  and 
other  decision  aids  have  been,  and  are  being,  developed. 
These  characterise  the  medium  and  estimate  the  .system 
performance,  implicitly  or  explicitly  advising  the 
operator  on  a  course  of  action  to  improve  system 
performance.  By  the  nature  of  the  human  intervention 
needed  to  interpret  the  information  the  decision  aid 
miK'  be  considered  an  off-line  omeess. 

One  category  of  decision  uid  consists  of  the 
propagation  model  (ideally  with  good  input  and  output 
capabilities)  sometimes  augmented  with  systems 
advisory  information.  The  latter  might  consist,  for 
example,  of  advice  to  change  fr"i!uencv.  These 
propagation  models  incorporate  one  or  more  of  a 
number  of  elements. 

i)  An  iono.spheric  model. 

ii)  A  ray  tracing  mtxiel. 

iii)  System  factors  including  antennas,  noi,se  etc. 

iv)  A  methodology  to  update  the  ionospheric- 

model. 

The  propagation  model  is  often  used  for  long  term 
prediction  of  system  performance  over  one  or  more 
months.  In  such  cases  it  is  usual  to  provide  monthly 
median  estimates  of  system  performance.  Alternatively, 
forecasts  (for  the  next  few  minutes,  hours  or  days)  of 
system  performance  can  be  generated.  This  is  a  far 
more  difficult  process  requiring  up-to-date  ionospheric 
measurements  and  strategies  for  using  these  data. 

The  data  used  for  updating  ionospheric  models  can  also 
be  used  as  a  dec'sion  aid  in  its  own  right.  Such  data 
may,  for  example,  consist  of  actual  measurements  or 


forecasts  of  geomagnetic  activity,  or  sunspot  number, 
or  even  basic  ionospheric  parameters  such  as  tuhl.  (the 
critical  frequency  of  the  iomisphcric  f  •  region  i  Armed 
with  such  information  the  decisitm  aid  can  proside 
evidence  that  the  system  operating  parameters  must  be 
adjusted  to  compensate  for  the  propagation 
environment. 

The  ionospheric  models  and  the  mi're  sophisticated  ol 
the  ray  tracing  models  can  also  be  used  together  as  a 
decision  aid  although  it  must  be  accepted  that  very 
skilled  users  are  required  to  make  best  use  of  ^uch 
systems.  As  an  example,  backseatter  ionograms  mas  be 
synthesised  and  compared  with  actual  ionograms  to  .litl 
the  interpretutimi  of  the  latter. 

In  this  first  of  two  lectures  we  will  first  introduce  the 
physical  basis  for  ionospheric  decision  aids  by  reference 
to  ionospheric  morphology  and  the  basic  theory  of 
ionospheric  propagation.  We  svill  then  go  on  to  reviess 
ionospheric  propagation  and  ray  tracing  techniques. 
The  second  lecture  will  describe  a  number  of  decision 
aids  related  to  the  ionosphere  in  genera)  and  speeifieally 
to  hit»h  frequency  (HF)  systems,  meteor  burst  (MB) 
systems  and  satellite  to  ground  systems.  These  aids 
provide  system  iocused  information  on  the  current, 
forecast  and  predicted  state  of  the  ionosphere  and  of 
course  the  current,  forecast  and  predicted  system 
performance. 

Since  time  docs  not  w»*  b:’.'  e  e'-'c-vd  not  to 

address  very  low  frequency  (VLF)  systems,  low 
frequency  (LF)  systems  and  medium  frequency  (MF) 
systems. 

Extensive  citation  of  the  relevant  literature  is  given 
throughout  this  paper  but  the  reader  is  referred  to  the 
excellent  general  texts  by  Davies  |l990j,  McNamara 
11991]  and  Goodman  11992).  The  reader  is  also 
referred  to  the  AGARD  symposium  on  "Operational 
Decision  Aids  for  Exploiting  or  Mitigating 
Electromagnetic  Propagation  Effects”  [AGARD,  1989) 
and  the  AGARDograph  on  "Radio  wave  propagation 
modelling,  prediction  and  assessment"  [AGARD.  1990). 

2.  Ionospheric  Morphology 

2.1  Introduction 

The  ionosphere  is  a  highly  ionised  region  of  the 
atmosphere  lying  in  the  altitude  range  85  km  to  1000 
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ktn.  f-igurc  I  The  lonisaiiDii  ot  the  ciirth's  alinosphere 
which  produces  ihe  ionosphere  is  caused  h\  several 
mechanisms  The  mosi  iinporlani  ot  tlicse.  at  non- 
auroral  latitudes,  are  (he  sun's  evtreme  ultra  violet 
(EUV),  X-ray,  and  l.yman  ot  together  with  solar  cosmic 
rays.  At  high  latitudes,  particularly  during  magnetically 
active  periods,  the  etiects  ot  energetic  panicles  and 
electric  fields  are  also  important 


figure  I  The  ionosphere 

The  rates  of  ionisation  at  any  altitude  depends  on  the 
atmospheric  composition  as  well  as  the  characteristics 
of  the  incident  radiation  at  that  height.  As  the  solar 
radiation  propagates  down  through  the  neutral 
atmosphere  the  various  frequency  (energy)  bands  of  this 
radiation  are  attenuated  by  different  amounts.  At  the 
same  time  the  composition  of  the  atmosphere  alters  with 
altitude.  Consequently,  different  ionisation  processes 
become  predominant  at  different  heights  resulting  in  a 
layered  structure.  The  principal  layers  are  designated 
D,  E  and  F  (see  Figure  1),  each  being  characterised  by  a 
different  set  of  ionisation  processes.  Some  of  these 
regions  are  themselves  layered  or  .structured  into  the  E. 
Es,  FI  and  F2  regions.  The  number  of  layers,  their 
heights  and  their  ionisation  density  vary  with  time  and 
in  space.  The  high  latitude  ionosphere  is  particularly 
complicated  and  will  not  bo  dealt  with  here  but  is 
described  by  Cannon  |1989|  and  in  the  general  texts 
referred  to  above, 

2.2  The  quiet  time  D-region 

The  £)-region  is  the  lowest  layer  of  the  ionosphere  and 
extends  from  50  km  to  90  km  although  there  is  little 
ionisation  below  85  km.  Being  the  lowest  region  it  is 
produced  by  the  most  penetrating  of  the  ionising 
radiation.  It  is  characteristically  a  region  of  very  weak 
ionisation,  the  neutral  density  exceeding  the  electron 
density  by  several  orders  of  magnitude.  The  electron 
density  exhibits  a  strong  diurnal  variation  being  some 
two  orders  of  magnitude  higher  during  the  day.  The 
three  main  production  sources  are  X-rays  (wavelengths 
0.1mm  to  1mm)  between  85  km  and  90  km,  Lyman  a 
between  75km  and  85  km  and  solar  cosmic  rays  below 
75  km. 


Although  the  election  deiisilv  is  sm.ill  coinpaied  to  th.it 
of  other  regions  the  electron  neulr.d  collision  trequenc\ 
IS  high  due  U-  the  high  ticutr,il  g.is  densitv  ,ind  this  le.ids 
to  strong  absorption  .Absorption  in  ihe  l>  legion  where 
the  refractive  index  is  close  to  unity  is  called  non 
deviative  Non  deviative  losses  typically  v.iry  in  an 
inverse  square  relationship  with  Irequencv  .iiul  .is  .i 
result  at  frequencies  well  above  the  HI  b.ind  /t  region 
absorption  is  inconsequential  I  urther.  because  /) 
region  ionisation  is  ilue  to  the  sun  s  radiation  ,in<l 
because  recvimbinatii'n  is  rapid  at  these  .lUitudcs  I) 
region  absorption  is  primarily  a  d;  y  time  phenomenon 
Two  to  three  hours  after  sunset  the  absorption  becomes 
negligible 

2.3  The  quiet  time  /■.'-region 

The  /.'-region  peak-  near  lit)  km,  sec  l-igure  I,  .ind 
results  from  FL'V  radiation  between  50  nm  and  1 05  o 
nm  and  X-rays  from  I  nm  to  10  nm.  The  /.-region  can 
be  closely  modelled  as  a  Chapman  layer  md  is  vers 
predictable  compared  to  the  F2  layer  above 

,A  large  volutiie  of  vertical-incidence  ionosonde  d.it.i  has 
been  collected  over  about  three  sol.ii  cycles  .ind  the 
characteristics  of  the  /  region  are  well  knovvn  The 
minimum  vertical  height  of  the  /'-region  .iml  the 
variation  of  the  maximum  electron  density  t/o/'i  have 
been  recorded  as  a  function  of  time  and  geogra[thical 
location.  In  the  day-time  the  /'-region  is  so  regular  that 
the  distribution  spread  can  be  considered  negligible 
(deciles  at  ±5‘'f).  At  night  there  is  less  data  but  it  is  also 
rea.ionable  to  assume  a  small  spread  in  values  .As  a 
guide  the  maximum  electron  density  occurs  during  the 
day  at  ~  1 10  km  and  the  semi-thickness  is  ~  20  km 
\Frihaf’en.  1965].  The  peak  electron  density  can  be 
calculated  from  first  principles  or  alternatively  it  can  be 
estimated  from  statistical  data  bases  Usually .  the  E- 
layer  critical  frequency  is  determined  by  i  semi 
empirical  equation  involving  the  sunspot  number  and 
the  zenith  angle  of  the  sun  An  alternative  approach 
uses  numerical  coefficients  mapped  in  terms  of 
geographic  co-ordinates  and  universal  time  \l.eftin. 
1976|. 

vv'ilhin  the  /  region  there  also  exists  an  ill  predicted 
layer  known  as  sporadic-/  (£.v).  This  layer  often  forms 
at  about  -  105  km  and  may  be  optically  dense  and 
spatially  thin  In  such  cases  it  reflects  radio  signals  well. 
Sporadic-/,  however,  also  includes  partially  transparent 
layers  and  irregular  patches  of  ionisation  in  which  case 
signals  may  be  reflected,  or  scattered,  or  little  affected 
by  the  layer.  The  mechanisms  producing  sporadic-/  are 
not  well  understood. 

2.4  The  quiet  time  F-region 

The  F-region  consists  of  two  regions  known  as  the  FI, 
which  usually  lies  between  150  and  200  kin  altitude, 
and  the  F2  which  lies  above.  The  F2  region  has  a 
higher  electron  density  and  it  consequently  has  a 
stronger  impact  on  radio  waves  which  traverse  it.  The 
FI  layer,  which  is  most  obvious  during  the  summer 
daytime,  and  the  F2  layer  are  separated  by  a  ledge  in  the 
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electron  densit)  At  night  the  /  /-layer  esscntialK 
disappears  since  it  is  under  solar  control  In  the  /  _’ 
region,  however,  transport  processes  dominate  due  to 
the  decreased  neutral  densities  :.ibipolar  dittusion. 
elecirodynamic  drift  and  ne'-'--  ;  winds  determine  the 
density  distribution  and  a'  l  itain  an  ambient  electron 
density  even  during  th  -  polar  winter  As  a  consequence 
of  the  transport  processes  the  F'2  laser  is  highly  variable 
(  10  to  3()9f  fro.ii  day  to  day ) 

The  ‘•'-legion  also  exhibits  significant  geographical 
varr  lons  in  electron  density,  including  the  equatorial 
anomaly,  the  trough  and  the  auroral  oval  Ointum 
1 1080]  res  tewed  the  f  region  in  the  high  latitude  region 

Due  to  tl  '  w  ide  variation  of  /^-region  electron  densits 
profiles  as  a  function  of  position  time,  averaged  maps  oi 
the  /-'-region  electron  density  are  generally  used 
although  other  modelling  approaches  are  now  being 
addressed.  These  w  ill  he  referred  to  later  in  this  lecture 

3  Theory  of  Propagation  Via  the  Ionosphere 

The  ionosphere  is  a  dispersisc  medium,  that  is  to  say  the 
refractive  index  of  the  medium  varies  as  a  function  id 
frequency,  .As  a  consequence  different  frequencies 
travel  with  different  speeds  causing  spreading  of  the 
pulse  The  ionosphere  is  also  layered,  as  we  have 
described,  and  this  leads  to  multi-path  propagation.  The 
earth's  magnetic  field  introduces  a  further  complication 
in  as  much  as  it  renders  the  ionosphere  anisotropic 
This  means  that  the  incident  ray  will  be  split  into  two 
rays  on  entering  the  ionosphere  in  a  manner  similar  to 
that  of  crystal  optics.  The  two  differently  polarised  rays 
are  referred  to  as  ordinary  (o)  and  extraordinary  (u 
rays.  One  result  of  this  splitting  is  the  phenomenon  of 
l  araday  rotation  of  the  wave  polarisation  plane  as  it 
traverses  the  ionosphere.  The  ionosphere,  however,  is 
ab<sve  all  a  region  where  the  refractive  index  is  less  than 
unity  resulting  in  a  group  velocity  which  is  less  than 
that  of  light  in  free  space.  A  consequence  <d  this  is  that 
vertically  launched  rays  can  be  retlected  and  oblique 
rays  are  progressively  bent  away  from  the  vertical. 
Obliquely  launched  HF  rays  are  in  fact  often  turned 
back  towards  the  ground.  In  these  lectures  a  number  of 
equations  will  be  given  describing  the  evaluation  of 
specific  quantities  of  interest.  However,  a  fundamental 
equation  from  which  the  great  majority  can  be  derived 
is  the  so  called  Appleton-Lassen  formula  which 
describes  the  complex  refractive  index,  n^.  In 
particular  the  equation  is  important  to  describe  the 
propagation  of  HF  waves.  When  collisions  between 
the  electrons  and  neutrals  are  negligible  (in  the  E  and  F 
regions)  the  real  part  of  the  refractive  index  p  can  be 
determined  from  a  simplified  form  of  the  Appleton- 
Lassen  formula: 

.^  =  1 _ 2X0-X) _ _ 

2{  1  -  X)  -  ±  [y;  +  4(1  -  X)'  Yl 

(Eq.I) 


\=Ne“/i;',,i>Hi)-.Y|  =cBi /mm,  :iiul  'i  ;=clf  |/mm 

The  subscripts  /  and  /  rcler  lu  traiisscrsc  .ind 
longitudinal  cumponents  ot  the  imposed  gcomagnelK 
llu\  (//i  with  reference  to  ihe  ilircction  ol  the  wave 
normal  o‘  prop.igalion  V  is  the  electron  densns  pei 
cubic  metre,  c  Is  tl'e  charge  on  the  elecirun.  m  is  the 
mass  of  the  eleciron.  i\  is  the  permillisits  vil  tree  space 
and  m  is  the  angular  wave  trequencs.  The  plus  sign 
above  refers  to  the  ordinary  wave  and  the  minus  sign 
refers  to  the  extra-ordinary  wave.  If.  the  magneti.  tield 
is  ignored  the  above  reduces  to 

i  I  j 

o  -  =  1  -  .V  ^  1  -  i  1  -  A—  (i  .q : 

I  ./'  '  ! 

where  f\  =  ( Ne-/t',,m i"  '■  and  is  known  as  ihe  plasm. i  or 
critical  trequencs  The  const. mi  k  =  S(l  s.  V  |^ 
electrons  per  cubic  metre  and  /  is  in  Hen/ 

Retlection  at  serlic.il  incidence  oicurs  when  u  =  n  I'lit 
at  oblique  incidence  reflection  t.ikes  pl.iec  .it  imiie 
values  of  the  retr.iciise  index  l-.quation  2  demonsiMie-. 
that  tor  loss  frequencies  such  ih.it  l<ts  o-  -HiMH/’ 
refiection  occurs  tor  sertic.il  incidence,  ,\i  highei 
frequencies  where  f>1\  the  relraciise  index  ncser  drops 
to  zero,  retlection  neser  occurs  .iiul  the  sertic.il  r,i\ 
passes  through  the  ionosphere  into  space  ( )n  the  othet 
hand  oblique  rays  which  return  to  the  ground  c.in  t'c 
supported  for  t>fs,  as  described  by  Snell's  l.iw  toi  lot.il 
internal  retlection 


4.  Ionospheric  Models 

4.1  Introduction 

The  most  difficult  .ispect  of  propagation  modelling  is 
the  generation  of  the  ionospheric  model  The  ettic.icy 
of  the  propagation  modelling  decision  aid  is  no  better 
than  our  knosvledge  of  the  underlying  ionosphere 
Fonunalely.  there  have  been  substantial  improvements 
in  ionospheric  modelling  capabilities  over  the  past  few 
years,  both  as  a  result  of  improved  computing  facilities 
and.  as  a  result  of  improved  ground  based  sensors  w  hich 
can  be  used  to  provide  real  time  updates. 

Bilitza  11989  and  1990]  provides  excellent  summaries 
of  the  various  ionospheric  models.  These  cover  electron 
density,  temperature,  ion  composition,  ionospheric 
electric  field,  auroral  precipitation  and  conductivity 
models.  From  the  system  users  point  of  view  the 
electron  density  distribution  is  paramount  and  we  will 
restrict  our  discussions  to  those  models  only. 

Both  statistically  based  and  theoretically  ba.sed  electron 
density  models  exist  and  these  have  been  reviewed  by 
Davies  [1981],  Rush  11986)  and  Schunk  and 
Szuszczewicz  ( 1988).  Unfortunately,  the  computer  run 
times  for  the  theoretical  models  are  high.  Typically, 
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several  hours  are  iieeiled  on  a  CRAY'  I  eoinpuier  to 
speeitv  the  global  eleetron  density  {Bihiza.  IdS^I  As  a 
consequence  of  these  long  run  times  the  theoretical 
models  are  not  appropriate  for  real-time  or  even  near 
real-time  applications 

4.2  Theoretical  Simulation 

Theoretical  simulations  are  based  on  the  self  ctmsisient 
solution  of  the  continuity,  energy  and  momentum 
equations  for  electrons  and  ions  Typical  input 
parameters  are  the  solar  Hl'V’  radiation,  the  auroral 
particle  precipitation  (together  with  the  interaction  cross 
sections)  and  the  atmospheric  and  magnelospheric 
boundary  conditions  hrom  those  inputs  and  equations 
the  plasma  densities,  temperatures  and  drifts  are 
obtained  numericalls  Iron)  the  non-lme.ir  cou|ded 
system  ol  equations  The  most  advanced  computer 
simulations  have  been  developed  at  Idah  State 
l'niver-.ity.  I'S.'V  i.v  himA  et  o/..  19Hf)|.  at  Ihiiver-.liv 
College  l.ondon  and  the  Lhtiversity  of  .Sheffie:  1.  I'K 
|e  g.  h'ltllcr-Row  ell  el  til  19S71  and  at  the  National 
Center  for  Atmospheric  Research  in  Houlder. 
Colorado.  CS.V  (e.g.  Rnhle  el  td. .  I98SI. 

4.3  F.mpirical  Models 

limpirical  nnidels  of  the  electron  density  arc  currently 
of  the  tnost  operationtti  use  [-mpirica'  tiiodels  are 
essentially  clitnamlogical  models  (or  specified  solar 
and/or  magnetic  activity  levels,  season,  lime  of  day. 
geographical  area  etc  The  value  of  a  number  of 
empirical  nuidels  for  radio  communications  purpose  is 
describevl  by  Dude>ie\  and  Kressman  11986]  and  by 
fl/ud/ev  1 1990], 

The  first  three  models  described  below  are  characterised 
in  terms  of  a  v  ery  limited  number  of  parameters  /<>F2. 
fiiFI.  ft’F  and  MldOOD)  (  =  MLTd .7()0())/foT2  being 
related  to  the  F-region  peak  altitude).  These  values  can 
be  used  to  generate  a  straight  line  and  simple  parabolic 


Figure  2  Bradley-Dudeney  approximate  model  of  the 
ionospheric  electron  density  profile. 


model  of  the  electron  density  which  is  convenient  lor 
ray  tracing  (see  section  .S).  Figure  2  illustrates  the 
electron  density  profile  as  a  function  ot  height  as 
ilescribed  by  the  CCIR  recommended  liitulle\  and 
Dudeney  1I97.M  model.  (The  CCIR.  or  International 
Radio  Consultative  Committee,  ot  the  International 
Telecommunications  Union  (ITU)  no  longer  exists 
However,  many  of  its  responsibilities  have  now  been 
.idopied  by  the  ITU  Radiocommunications  .Sector  > 

4.3.1  CCIR  Ionospheric  Maps 

The  most  commonly  used  empirical  model  is  the  so 
called  CCIR  Atlas  of  Ionospheric  Characteristics 
forming  Report  .^40  1CC7R.  1988]  I'he  CCIR  model  is 
a  compendium  ot  basic  ionospheric  characteristics 
which  are  required  to  iletermine  ionospheitc  radio 
propagation  The  atlas  gives  maps  ot  the  /•  2  layer  peak 
critical  frequency.  /o/-’2  and  the  Mi  .^ti(ltii/-'2  tactor 

The  F  and  FI  layer  characteristics  are  given  by  a  series 
of  formulae  whereas  the  contours  ot  li<F2  are  based  on 
spherical  harmonic  and  Fourier  functions.  The  whole 
model  consists  of  .^4.296  coefficients  l  igure  2  shows 
an  example  of  the  foF2  contours  lor  a  sunspot  number 
of  100  in  .September  at  20  LH/  It  is  import. mt  to  note 
that  the  model  lacks  detail  at  high  latnudes 

4.3.2  UR.SI  CotfncienLs 

It  has  long  been  ktiown  that  llic  CCIR  model  i' 
inaccurate  above  oceans  and  in  the  southern  hemisphere 
where  lonosonde  measurements  are  scarce  or  do  not 
exist.  Rush  el  aL  (198.U  1984]  suggested  a  framework 
for  introducing  theoretical  values  in  regions  of  no 
measurements  and  this  leavi  to  a  new  model  which  was 
adopted  by  the  International  Unirtn  of  Radio  Science 
( URSI )  I  Fax  and  Mt  Namara.  1 986 1. 

4.3.3  Bent  Model 

The  Bent  model  \Beni  ei  al..  1975]  is  important 
because  it  contains  a  topside  model  not  incorporated  in 
the  previous  two  models.  The  topside  is  represented  by 
a  parabola  and  three  exponential  prtilile  segments  and 
the  bottom  side  by  a  bi-parabola.  The  model  is  based  on 
topside  soundings  from  the  Alouette  and  Ariel 
spacecraft  as  well  as  conventional  bottom  side 
ionograins.  The  model  is  often  used  for  ionospheric 
corrections  in  satellite  tracking  and  altimetry  which  rely 
on  models  of  the  total  electron  content  (TEC).  It  does 
not  include  D,  £  and  FI  models  and  simplifies  the 
calculation  of  the  F2  peak.  Brown  el  al.  11991]  have 
compared  the  Bent  model  with  a  number  of  other 
models,  such  as  the  IRI  (.see  below)  which  include  a  top 
side  model. 

4.3.4  IRI 

The  Inte.national  Reference  Ionosphere  (IRI)  model 
[Rawer  and  Bililza,  1990]  gives  a  more  detailed  electron 
density  profile  between  60  and  100  km.  It  is  divided 
vertically  into  up  to  seven  regions.  D,  lower  £,  E  region 
valley,  EIFl  intermediate,  F,  F2  and  topside.  The  F2 
parameters  can  be  determined  from  the  numerical  maps 
of  CCIR  Report  340  [CCIR,  1988]  and  so  are  lacking 
detail  in  the  high  latitudes;  the  F2  region  parameters 
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l-'igure  3  CC!R  Report  340  map  of  foF2  for  September  at  20  UT  when  the  sunspot  number  is  100. 


also  enter  into  the  empirieal  expressions  describing 
some  of  the  other  regions.  Alternatively,  the  URSI 
coefficients  or  the  users  own  coefficients  can  be  used. 
Like  Report  340  the  model  is  parametric  in  month, 
universal  time  and  sunspot  number.  The  IRI  uses  a 
mixture  of  analytical  calculations,  iterative  .searches  and 
empirical  rules  to  provide  its  vertical  profile.  There  are 
however,  horizontal  discontinuities,  for  example  the  FI 
region  appears  and  disappears  according  to  local  time. 
TTie  iterative  searches  are  also  non-linear  and  so  it  is  not 
possible  to  obtain  analytic  derivatives  of  the  quantities 
they  calculate.  .As  a  consequence  of  these  two  problems 
the  IRI  cannot  be  used  for  ray  tracing  without 
modification. 


4.4  Parameterised  Models 

We  have  so  far  described  two  approaches  to  specifying 
the  ionospheric  electron  density  profile,  namely; 

-  Numerical  simulations  based  on  physical  models. 

-  Statistical  or  climatological  models. 

Each  has  its  advantages  and  disadvantages.  The  first  is 
more  intellectually  appealing  but  too  slow  to  run  in  real 
tine.  The  second  is  limited  by  the  network  of  data 
gathering  measurement  stations,  by  averaging,  and  the 
adopted  rules  for  extrapolation. 


A  third  approach  is  the  parameterised  version  of  the 
physical  model.  Here  the  physical  model  is 
parameterised  in  terms  of  solar  and  geographical 
parameters.  The  parameterised  model  begins  with  a 
physical  model  which  gives  a  more  realistic- 
representation  of  the  spatial  structure  of  the  ionosphere 
than  the  statistical  model  can  provide.  (Any  statistical 
data  base  inevitably  averages  over  similar  geophysical 
conditions  resulting  in  a  smoothed  model  which  is  un¬ 
representative  of  the  instantaneous  ionosphere.) 

4.4.1  SLIM 

The  Semi-Empirical  Low-Latitude  Ionospheric  Model 
(SLIM)  [Anderson  el  al..  1987]  is  an  example  of  this 
approach  where  theoretical  simulations  of  the  low 
latitude  ionosphere  have  been  undertaken  on  a  regular 
latitude-longitude  grid,  at  various  local  times,  times  of 
the  year  and  at  high  and  low  sunspot  conditions.  The 
theoretical  profiles  have  then  been  parameterised  in 
terms  of  modified  Chapman  functions  using  just  six 
coefficients  per  profile.  When  the  model  is  run  the 
parameters  can  be  adjusted  to  reflect  current 
geophysical  and  solar  conditions. 

4.4.2  PIM 

A  promising  global  parameterised  model  is  PIM 
(Parameterised  Ionospheric  Model).  This  model 
[Daniel!,  1993a,  and  Daniell  el  al.,  1994]  is  itself  an 
amalgam  of  a  number  of  other  models  and  uses  either 
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Figure  4.  Contours  of  the  maximum  ionisation  density  in  the  F2  region  (in  units  of  10^  cm'-^)  in  polar  projection 
from  PIM  for  high  solar  activity,  moderate  magnetic  activity,  at  OOUT  and  at  the  December  solstice.  The  "tongue  of 
ionisation"  produced  by  a  steady  convection  pattern  is  clearlv  evident,  l  ocal  midnight  is  at  the  bottom,  from  DnnieU 
[I994|. 


the  fuF2  CCIR  coefficients  for  normalisation  of  the 
electron  density  profiles  or  it  uses  coefficients  produced 
by  the  Utah  State  University  model.  The  calculation  of 
the  electron  density  profile  is  based  upon  the  underlying 
neutral  composition,  temperature  and  wind  together 
with  electric  field  distributions,  auroral  precipitation  and 
the  solar  EU'V  spectrum.  Inputs  to  the  model  consist  of 
universal  time,  the  daily  value  of  (the  solar  flux  at 
a  wavelength  of  10,7  cm)  or  the  solar  sunspot  number, 
the  current  value  of  kp  (the  index  of  solar  geophysical 
activity)  and  the  sign  (positive  or  negative)  of  the 
interplanetary  magnetic  field  y  component.  This  latter 
factor  is  used  to  select  one  of  two  convection  patterns  in 
the  high  latitude  region.  As  we  will  see  later,  however, 
the  PIM  model  is  at  its  most  powerful  when  it  is 
adjusted  by  real  time  inputs.  Figure  4  shows  typical 
output  from  PIM  and  illustrates  the  high  latitude 
structure  inherent  in  the  model. 

4.4.3  ICED 

The  Ionospheric  Conductivity  and  Electron  Density 
[ICED]  model  is  also  being  developed  for  the  USAF  Air 
Weather  Service  Tascione  et  at.  (19881.  This  model  is 
controlled  by  the  sunspot  number  (SSN)  and  the 
geomagnetic  Q  index  which  is  related  to  the  better 
known  geomagnetic  kp  index.  The  kp  index  is 
retrospectively  available  from  a  number  of  sources  such 
as  the  Space  Environment  Laboratory,  Boulder  CO 


8030.3,  USA.  In  addition  forecast  values  are  available 
from  the  same  and  other  sources  for  the  following  24 
hours,  see  Cannon  ( 1994], 


4.5  Real  time  updates  to  models 

Empirical  models  of  the  non-auroral,  quiet  ionosphere 
typically  describe  the  median  monthly  or  seasonal 
conditions  at  every  hour.  Day  to  day  foF2  deviations 
from  these  median  values  can  range  from  10  to  30% 
even  for  quiet  magnetic  conditions  and  will  be  higher 
still  during  ionospheric  storms.  Furthermore,  there  are 
short  term  variations  due  to  atmospheric  gravity  waves 
which  typically  have  periods  of  10  -  120  minutes.  The 
difference  between  monthly  median  predicted  and 
measured  signal  strengths  can  be  up  to  40  dB. 
Theoretical  and  parameterised  models,  do  not  rely  on 
historical  statistical  data  bases  but  they  ai-’.  reliant  on 
accurate  input  data  to  drive  the  model. 

In  order  to  compensate  for  the  temporal  variations  in  the 
ionosphere  it  is  necessary  to  introduce  real-time  values 
and  to  map  these  real-time  values  into  the  median, 
theoretical  or  parameterised  model.  Techniques  for 
achieving  this  in  respect  to  the  empirical  models  are 
being  addressed  by  the  PRIME  (Prediction  and 
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Figure  5.  Geometry  for  ray  propagation.  Earth  and  ionosphere  are  plane  surfaces.  The  transmitter  and  receiver 
are  at  T  ( t)  and  R  (r)  respectively.  The  true  point  of  reflection  is  at  B  (b)  and  the  virtual  point  of  reflection  is  at  A 
(a). 


Retrospective  Modelling  in  Europe)  group  in  Europe 
|e.g.  Bradley,  1989]. 

The  most  important  developments  in  this  field  derive 
from  the  USA  in  support  of  the  Air  Force  Space 
Forecast  Center  (AFSFC).  Both  the  ICED  and  PIM 
models  were  conceived  to  allow  for  real-time  updates  of 
the  input  parameters  from  a  number  of  sensors.  ICED 
updates  are  based  only  on  changes  of  the  effective 
sunspot  number  SSNeff  and  the  auroral  Q  index 
whereas  real-time  control  of  PIM,  via  the  model  known 
as  PRISM,  (Parameterised  Real-Time  Ionospheric 
Specification  Model)  is  by  five  input  parameters  as 
already  described. 

4.5.1  ICED  with  real  time  updates 

Whilst  ICED  can  be  used  as  a  stand  alone  model  it  can 
be  driven  by  real  time  data.  The  model  is  partly  updated 
from  real-time  data  from  a  network  of  digital 
ionosondes.  The  foF2  values  from  the  ionosonde 
network  are  compared  to  model  foF2  values  and  the 
SSN  adjusted  to  provide  the  best  match.  The  resultant 
SSN  is  called  the  effective  sunspot  number,  SSNgff .  For 
real  time  updates  the  Q  index  is  used  rather  than  kp. 
Feldstein  [1966]  related  the  position  of  the  auroral  oval 
to  the  Q  index  and  the  AWS  reverses  the  procedure  to 
obtain  the  Q  index  from  DMSP  satellite  measurements 
of  the  position  of  the  auroral  boundary.  At  the  US  Air 
Force  Space  Forecast  Center  (AFSFC)  the  model  is 
typically  updated  half  hourly  or  hourly. 

4..5.2  PRISM 

PRISM  can  take  real  time  data  from  a  very  extensive 
array  of  ground  and  space  based  instrumentation  to 
adjust  the  parameterised  model,  PIM.  The  adjustment 
parameters  in  PRISM  vary  with  location  and 
consequently  PRISM  promises  greater  accuracy  than 
ICED  [Daniell,  19936). 


5  Ray  Tracing  Decision  Aids 

5. 1  Introduction 

It  is  often  necessary  to  evaluate  the  point  where  an  HF 
ray  launched  upward  towards  the  ionosphere  returns 
again  to  the  ground  and  this  requires  a  ray  tracing 
procedure.  If  the  ray  is  of  sufficiently  high  frequency  it 
will  penetrate  the  ionosphere  providing  a  satellite  to 
ground  or  ground  to  satellite  path.  These  too  will 
deviate  from  their  paths  due  to  refraction  and  will 
suffer  time  and  frequency  dispersion;  the  magnitude  of 
these  effects  can  also  be  estimated  by  ray  tracing. 

5.2  Virtual  Techniques 

The  simplest  ray  tracing  technique  is  known  as  virtual 
ray  tracing  and  it  assumes  that  the  actual  propagation 
can  be  approximated  by  reflection  from  a  simple 
horizontal  mirror  at  an  appropriate  height  (the  secant 
law,  Breit  and  Tuve's  theorem  and  Martyn's  equivalent 
path  theorem  [e.g.  McNamara,  1991]).  This  approach  is 
implemented  in  most  HF  prediction  decision  aids  apart 
from  a  few  of  the  most  recent  (e.g.  AMBCOM).  The 
major  advantage  of  this  approach  is  that  it  is 
computationally  efficient.  Its  major  disadvantage  is 
that  it  cannot  deal  with  a  horizontally  non-stratified 
ionosphere.  It  may,  therefore,  be  considered  an 
approximate  method  and  more  complicated  ray  tracing 
methods  are  necessary  in  certain  situations.  Virtual 
techniques  are,  however,  well  matched  to  a  median 
ionospheric  data  base  and  simple  ionospheric  profiles. 
Indeed,  in  most  circumstances  the  use  of  a  more 
complicated  model  is  not  justified  given  the  available 
ionospheric  model. 
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5.3  Numerical  Ray  Tracing  Decision  Aids 

We  have  discussed  above  the  limitation  of  virtual 
techniques  for  HF  systems  and  the  possible  need  for 
numerical  ray  tracing  techniques.  Numerical  ray  tracing 
is  also  essential  for  a  precise  assessment  of  magnetic- 
ionic  effects.  These  include  Faraday  rotation  of  the 
polarisation  vector,  on  satellite  to  ground  links  and 
angle  of  arrival  calculations.  Typical  applications  are 
satellite  navigation  and  altimetry  systems.  The  standard 
decision  aid  for  numerical  ray  tracing  is  the  Jones  and 
Stephenson  [1975]  program.  The  program  is  based  on 
the  solutions  of  a  set  of  six  coupled,  first  order,  non¬ 
linear  differential  equations,  in  spherical  co-ordinates 
(providing  that  the  time  dependencies  of  the  ionosphere 
are  neglected). 

Numerical  ray  tracing  techniques  are  as  accurate  as  the 
ionospheric  model  allows  but  they  are  computationally 
intensive  to  run.  In  many  applications  the  issue  of  ray 
homing  is  critical  and  several  techniques  to  solve  this 
problem  have  been  reported. 

5.4  Analytic  Ray  Tracing 

A  technique  intermediate  between  the  simple  but 
inaccurate  virtual  technique  and  the  complicated  and 
accurate  numerical  technique  also  exists.  The  analytic 
technique  relies  on  describing  the  ionosphere  by 
functions  that  can  be  integrated.  The  technique  was 
first  pioneered  by  Croft  and  Hoogasian  [1968]  for 
realistic  spherical  earth  models  and  was  extended  by 
Milsom  1 1985).  In  its  simplest  form  it  requires  the  use  of 
quasi-parabolic  (QP)  and  linear  ionospheric  segments 
which  are  approximations  to  the  true  situation. 

To  avoid  the  need  to  resort  to  numerical  ray  tracing 
when  a  real  ionosphere  is  used  Baker  and  Lambert 
[1989]  and  Dyson  and  Bennett  [1989]  have  more 
recently  developed  the  multi-quasi-parabolic  (MQP) 
description  of  the  ionospheric  electron  density  profile. 
In  this  approach  an  arbitrary  ionospheric  profile  is 
approximated  by  any  number  of  QP  segments  through 
which  each  ray  can  be  analytically  traced.  The  MQP 
model  can  also  be  set  up  using  a  fixed  number  of 
segments  to  match  the  scaled  ionospheric  parameters 
such  as  the  layer  critical  frequency  and  the  layer  .semi¬ 
thickness. 

MQP  techniques  provide  a  good  compromise  between 
computational  speed  and  performance  for  many 
applications  and  as  a  consequence  they  are  now  being 
employed  in  many  of  the  newer  HF  predictions  decision 
aids.  They  also  provide  a  very  useful  stand  alone 
decision  aid  which  can  be  used  to  both  ray  trace  single 
paths  and  simulate  backscatter  ionograms.  The  MQP 
analytic  approach  has  a  further  significant  advantages 
over  virtual  techniques;  it  provides  an  analytic 
determination  of  spatial  attenuation.  Unfortunately,  the 
MQP  approach  only  works  if  magnetic  field  effects  are 
ignored  though  an  estimate  for  their  inclusion  has  been 
developed  [Benneff  ef  a/.,  1991].  It  has  been  estimated 
that  neglecting  the  magnetic  field  can,  in  some 
circumstances,  give  rise  to  a  15%  error  in  ionospheric 


specification  at  10  MHz  {Goodman.  1992],  At  higher 
frequencies  the  error  from  neglecting  the  magnetic  field 
diminishes. 


6  Summary 

This  lecture  has  addressed  ionospheric  models  and  ray 
tracing  models  which  can.  at  a  basic  level,  be 
considered  Decision  Aids.  In  the  next  lecture  we  will 
address  the  more  sophisticated  Decision  Aids  which 
provide  system  directed  advice  to  the  operator. 
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I  Introduction 

In  the  first  paper  [Cannon,  1994|  we  briefly  discussed 
the  morphology  of  the  ionosphere  and  the  theory  of 
propagation  through  the  ionosphere.  This  provided  us 
with  the  basic  tools  to  understand  a  number  of 
ionospheric  models  and  ray  tracing  techniques  which 
follow  the  path  of  a  radio  ray  through  the  ionosphere. 
Whilst  requiring  considerable  skill  in  interpretation  the 
ionospheric  models  and  the  ray  tracing  models  can  be 
considered  as  decision  aids  in  their  own  right. 

In  this  paper  we  will  go  on  to  expand  our  discussion  on 
decision  aids.  These  integrate  all,  or  some,  of  the  topics 
discussed  in  the  first  paper  into  (often)  sophisticated 
computer  programs  or  equipments.  HF  (high  frequency) 
systems,  satellite  to  ground  systems  and  MB  (meteor 
burst)  systems  will  be  addressed.  Much  of  the 
discussion  will  be  in  the  area  of  HF  systems,  this 
reflecting  the  importance  of  the  ionospheric  model  and 
decision  aid  to  those  systems.  Emphasis  will  be  given  to 
mature  models  and  decision  aids  which  provide  the  user 
(rather  than  the  scientist)  with  information  which  can 
improve  system  operation. 

This  paper  can  be  supplemented  by  the  excellent 
general  texts  of  Davies  [1990],  McNamara  [1991]  and 
Goodman  (1992).  The  reader  is  also  referred  to  the 
AGARD  symposium  on  “Operational  Decision  Aids  for 
Exploiting  or  Mitigating  Electromagnetic  Propagation 
Effects”  [AGARD,  1989]  and  the  AGARDograph  on 
■  Radio  wave  propagation  modelling,  prediction  and 
assessment"  [AGARD,  1990]. 


2  Short  Term  Ionospheric  Forecasts 

Before  moving  on  to  address  various  systems  we  will 
first  consider  the  short  term  ionospheric  forecast  (STIF) 
and  geomagnetic  forecast  which  are  respectively 
“weather  forecasts”  of  the  electron  density  and  the 
geomagnetic  activity  levels.  In  Cannon  (1994)  we 
emphasised  the  necessity  of  excellent  ionospheric 
models  if  the  system  decision  aids  and  propagation 
models  are  to  provide  a  useful  capability.  Any  forward 
estimate  of  system  performance  must  consequently  rely 
on  the  quality  of  the  STIF  or  the  geomagnetic  forecast 
(which  may  indirectly  act  as  a  driver  of  an  ionospheric 
model). 


The  Space  Environment  Space  Center  (SESC)  in 
Boulder  Colorado  provides  forecasts  both  in  the  USA 
and  world-wide  but  forecasts  are  also  provided  by  other 
organisations  such  as  the  Marconi  Research  Centre 
(MRC)  in  the  UK  [Wheadon  el  al,  19911.  These 
forecasts  are  communicated  by  fax.  telex  and  even  by 
satellite  links.  Typically,  they  cover  geomagnetic 
activity,  sunspot  number  and  other  ionospheric- 
information  for  the  immediate  past,  current  and 
immediate  future  epochs.  Such  data  can  be  used  in 
various  models. 

In  addition  forecasts  are  made  ot  HF  propagation 
conditions.  Tables  1  and  2  are  typical  forecasts  from 
respectively  MRC  (for  1-2  February,  1994)  and  SESC 
(28-30  January,  1994).  It  is  to  be  noted  that  the  SESC 
forecast  provides  a  forecast  of  the  effective  sunspot 
number  specifically  required  by  the  ICED  model, 

A  system  known  as  Dl.AS  (Disturbance  Impact 
A.ssessment  System)  has  been  developed  by  Rose 
i  1993]  to  assess  the  effects  of  solar  flares  on  the  high 
latitude  ionosphere  in  terms  of  sudden  ionospheric 
disturbances,  polar  cap  absorption,  ionospheric  storms, 
auroral  zone  absorption  and  auroral  sporadic  E  and 
auroral  E.  This  system  also  provides  a  very  useful 
training  facility. 


3  HF  Decision  Aids 

3.1  Introdiirtion 

HF  communications  and  radar  decision  aids  cover  a 
number  of  applications.  Broadcast  services  and  HF 
Over  The  Horizon  Radar  (OTHR)  systems  require 
coverage  patterns  showing  skip  zones  and  signal 
strength  for  each  operating  frequency.  Broadcast 
services  are  particularly  constrained  since  they  are 
unlikely  to  have  many  assigned  operating  frequencies. 
Within  this  small  set  the  operator  must  provide  a 
reliable  prediction  of  the  optimum  reception  frequency. 
Furthermore,  the  system  designer  requires  a  prediction 
method  to  plan  for  the  installation  of  new  transmission 
facilities.  OTHR  systems  on  the  other  hand  are  likely  to 
have  a  large  frequency  set  available  to  maintain 
coverage  but  the  operators  are  very  interested  in  where 
the  signals  go  for  co-ordinate  registration  purposes. 
Point-to-point  HF  communications  operators  are 
particularly  interested  in  selecting  the  best  frequency  for 
transmission.  This  may  be  one  that  provides  the  lowest 
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intersymbol  interference,  highest  signal  strength  and 
lowest  noise  and  interference  level.  For  many 
applications  an  estimate  of  variability  is  required  and 
this  is  often  provided  by  upper  and  lower  decile  values. 

3.2  Prediction  Models  at  HF 

Propagation  Model  Decision  Aid  development  has 
largely  followed  the  evolution  of  the  ionospheric  model 
and  more  recently  the  development  of  analytic  ray 
tracing  as  described  in  Cannon  [1994],  HF  propagation 
decision  aids  are  in  fact  not  new,  but  date  back  to 
World  War  II.  Through  the  years  a  large  number  of 
models  have  been  developed  and  are  still  being 
developed.  Many  of  the  decision  aids  are,  however,  not 
generally  available  and  of  course  a  number  have  fallen 
into  disuse  because  of  the  availability  of  the  newer 
models.  As  a  consequence  this  lecture  will  restrict  itself 
to  a  small  number  of  the  most  popular  and  accessible 
decision  aids. 

lONCAP  ITeters  el  ai,  198.3].  This  is  a  very  popular 
program  developed  by  Institute  of  Telecommunications 
Sciences  (ITS)  in  the  USA  and  it  will  run  on  both  main 
frame  and  personal  computers  (PC).  Unfortunately,  in 
its  basic  form  the  input  of  data  is  rather  cumbersome  but 
a  number  of  user  friendly  front  ends  have  been 
developed,  for  example  the  derivative  VOACAP  [Lane 
el  al.  1993]  which  also  makes  a  number  of  small 
changes  to  the  calculations  used  in  lONCAP.  lONCAP 
and  its  derivatives  use  a  number  of  approximations  for 
the  propagation  model  including  the  use  of  an 
equivalent  mirror  height  for  reflection. 

FTZ  [Ochs,  1970].  This  model  was  developed  by  the 
Deutsche  Bundespost.  It  includes  an  empirical 
representation  of  field  strength.  The  method  is  based 
upon  observations  of  signal  level  associated  with  a  large 
number  of  circuit-hours  and  paths,  with  the  majority  of 
the  paths  terminating  in  Germany.  The  signal  level  data 
were  analysed  without  accounting  for  the  individual 
modes.  The  FTZ  model  is  computationally  very 
efficient  and  it  is  consequently  a  valuable  method. 

CCIR  252-2;  [CCIR,  1970].  This  model  termed  CCIR 
Interim  Method  for  Estimating  Skywave  Field  Strength 
and  Transmission  Loss  Between  Approximate  Limits  of 
2  and  30  MHz  was  initially  adopted  by  CCIR  at  the 
1970  New  Delhi  plenary  session.  It  was  the  first  of 
three  computer  methods  for  field  strength  prediction 
which  were  sanctioned  by  the  CCIR. 

CCIR  252-2  Supplement  :  [CCIR,  1978).  A  field 
prediction  method  entitled  Second  CCIR  Computer- 
based  Interim  Method  for  Estimating  Skywave  Field 
Strength  and  Transmission  Loss  and  Frequencies 
Between  2  and  30  MHz.  The  method  is  more  complex 
than  the  method  of  CCIR  252-2  in  a  number  of  respects, 
and  the  machine  time  required  reflects  this  additional 
complexity.  A  major  change  is  the  consideration  of 
longitudinal  gradients  for  the  first  time.  A  computer 
program  was  completed  in  1987. 


CCIR  894-1;  |CC//?,  I982|.  To  assist  in  the  World 
Administrative  Radio  Conference  (WARC)  HF 
Broadcast  Conference,  a  rapid  computational  method 
was  documented  as  CCIR  Report  894.  The  CCIR 
approach  is  used  for  paths  less  than  7000  km,  FTZ  is 
used  for  paths  greater  than  9000  km.  and  linear 
interpolation  schemes  are  applied  for  intermediate  path 
lengths. 

CCIR  533-3:  [CCIR,  1992].  This  computer  code  is 
derived  from  the  method  of  Report  894  and  includes  a 
number  of  antenna  models  leading  to  improved 
estimates  of  signal  level. 

AMBCOM:  [Hatfield,  1980].  This  program  was 
developed  by  SRI  International  and  differs  from  many 
of  the  other  prediction  decision  aids  in  that  it  employs  a 
2-D  analytic  ray-tracing  routine  rather  than  the  virtual 
mirror  approach.  In  addition.  AMBCOM  contains 
within  its  ionospheric  sub-model  a  considerable  amount 
of  high  latitude  information  including  improved  auroral 
absorption  models.  This  provides  for  an  improved 
prediction  capability  for  paths  through  or  close  to  the 
high  latitude  region.  The  program  is  generally  slower 
than  simpler  models.  AMBCOM  documentation  is  not 
as  widely  distributed  as  the  lONCAP  or  the  CCIR 
methods. 

ICEPAC:  [Stewart  and  Hand,  1994].  The  ICEPAC  (or 
Ionospheric  Communications  Enhanced  Profile 
Analysis  and  Circuit)  prediction  program  is  the  latest 
prediction  decision  aid  from  ITS.  It  uses  the  ICED 
electron  density  model  which  should  in  particular  give 
improved  performance  in  the  high  latitude  regions. 

3.2.1  Typical  Output  from  ICEPAC 

ICEPAC  represents  one  of  the  very  newest  of  the  HF 
prediction  decision  aids  and  as  such  it  is  worthy  of  more 
detailed  discussion.  Its  outputs  are  very  similar  to 
lONCAP  and  it  provides  in  total  29  different  output 
options.  These  are  listed  in  Table  3. 

Ionospheric  Descriptions.  Methods  I  or  2 

Methods  1  and  2  provide  specialist  output  relating  to  the 

ionospheric  parameters. 

MUF  output  options,  Methods  3  to  12  and  25-29 
These  methods  include  listings  and  graphical  output  of 
the  basic  maximum  usable  frequency  (MUF)  and 
frequency  of  optimum  transmission  (FOT)  for  the  path 
and  for  individual  modes  E,  Es,  FI  and  F2.  They  also 
provide  information  on  angle  of  take  off  Method  10 
(Table  4)  illustrates  typical  output  for  a  path  from  the 
southern  UK  to  Ottawa,  Canada  for  January  1994. 

System  Performance  options.  Methods  16  to  24. 

TTie  system  performance  outputs  are  largely  tabular  and 
provide  system  performance  data.  Method  15  (Table  5) 
illustrates  typical  output  from  ICEPAC  for  the  path 
from  Southern  England  to  Ottawa,  Canada.  Listed  at 
each  time  (UT)  and  frequency  (FREQ)  are  the  most 
reliable  propagating  modes  (MODE),  arrival  angles 
(ANGLE),  the  path  delay  (DELAY),  the  virtual  height 
(V  HITE),  the  probability  that  the  operating  frequency 
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will  exceed  the  predicted  MUF  (F  DAYS),  the  median 
system  loss  in  decibels  (LOSS),  signal  strength  in  dBm, 
(DBU),  median  signal  and  noise  powers  at  the  receiver 
input  terminals  in  dBw  (S  DBW  and  N  DBW),  signal 
to  noise  ratio  (SNR),  the  required  combination  of 
transmitter  power  and  antenna  gains  needed  to  achieve 
the  required  reliability  in  decibels  (RPWG),  reliability, 
i.e.  the  probability  that  the  SNR  exceeds  the  required 
SNR  (REL),  and  the  probability  of  an  additional  mode 
within  the  multipath  tolerances  (MPROB). 

Coverage  area  diagrams 

ICEPAC  can  also  be  used  to  provide  signal  level 
contours  over  a  wide  geographical  area.  Figure  1  shows 
an  example  of  such  a  diagram  for  transmissions  from 
southern  England.  Such  diagrams  are  more  effective  in 
colour  but  the  central  region  close  to  the  transmitter 
shows  the  skip  or  area  where  no  signals  are  received. 
Also  apparent  is  the  result  of  the  high  latitude 
ionosphere  which  distorts  the  coverage  area 
significantly. 

Antenna  output  options,  Methods  13  to  15 
ICEPAC  includes  the  antenna  gain  description  of  a 
number  of  antennas  which  may  be  specified  at  the 
transmitter  and  receiver.  These  antennas  include  the 
icoiropic  reference  radiator,  dipoles,  rhombics  and 
sloping  V  antennas.  The  radiation  pattern  of  the 
antennas  can  be  plotted  and  the  effects  of  the  antennas 
on  the  system  performance  evaluated  via  methods  16  to 
24.  This  is  a  capability  not  generally  available  in 
prediction  codes. 

3.2.2  Application  speciflc  models 

The  aforementioned  propagation  models  exhibit  a 
general  architecture  which  makes  them  useful  in  many 
applications.  A  number  of  systems  have,  however,  been 
developed  which  take  these  generalised  architectures 
and  develop  them  for  specific  applications. 

In  the  HF  field  one  of  the  earliest  to  do  this  was 
PROPHET  {Argo  and  Rothniuller,  1979;  Rose,  1989). 
It  was  stimulated  by  the  availability  of  satellites  in  the 
early  1970s  which  had  been  developed  to  measure  solar 
radiation  characteristics  (e.g.  X-ray  flux  solar  wind, 
etc  ).  PROPHET  was  developed  using  simple  empirical 
ionospheric  models  but  it  has  proliferated  into  many 
different  versions  with  500  terminals  in  operation. 
Figure  2  is  a  typical  output  showing  the  MUF 
(maximum  usable  frequency)  EOT  (frequency  of 
optimum  transmission)  and  LUF  (lowest  usable 
frequency).  This  kind  of  analysis  and  display  has 
proved  to  be  a  very  helpful  decision  aid  for 
communications.  A  further  decision  aid  is  shown  in 
Figure  3,  MUF  and  LUF  are  displayed  for  a  specific 
path  (Honolulu  to  San  Diego).  The  operator  can  choose 
from  a  library  of  hostile  intercept  stations.  The  solid 
filled  areas  indicate  a  frequency-time  region  for  which 
the  signal  cannot  be  intercepted.  The  grey  shaded 
region  indicate  the  possibility  of  interception  by  just  one 
station  and  consequently  no  position  fix.  The  white 
areas  indicate  regions  where  the  signal  can  be 
intercepted  by  a  number  of  stations  to  obtain  a  fix. 


3.3  'On  Air'  Decision  Aids 

So  far  we  have  restricted  our  discussions  to  model  based 
decision  aids  but  there  are  a  number  of  on-air'  decision 
aids.  We  consider  off-line  techniques  which  are  distinct 
from  embedded  approaches  such  as  those  embodied  in 
HF  communication  ARCS  (automatic  radio  control 
systems)  [Goodman  1992].  (ARCS  were  previously 
known  by  the  acronym  RTCE  (Real  Time  Channel 
Evaluation)  and  ALE  (Automatic  Link  Establishment)) 
An  important  aspect  of  the  embedded  approach  is  its 
ability  to  make  automatic  system  changes,  after 
characterising  the  HF  channel,  without  recourse  to 
human  intervention, 

3.3.1  Ionospheric  Sounders 

'On  air’  decision  aids  include  instrumentation  to 
measure  the  channel  characteristics  but  without  the 
automatic  system  adaptation  elements  characteristic  of 
ARCS.  Skilled  operators  some'>mes  combined  with 
computer  programs,  are  then  needed  to  interpret  the 
off-line  measurements  and  appropriately  adapt  the 
,sy.stem  operation.  One  category  of  'on  air'  decision  aid  is 
the  ionospheric  sounder.  Ionospheric  sounders 
(ionosondes)  are  essentially  radars  which  measure  the 
group  delay  of  signals  propagating  via  the  ionosphere. 
Due  to  the  structure  of  the  ionosphere  multiple  radar 
returns  can  be  obtained  at  a  single  frequency. 
Ionospheric  sounders  can  be  monostatic  with  the 
receiver  and  transmitter  co-located  or  they  can  be 
bistatic  with  the  transmitter  and  receiver  separated  by 
many  tens,  hundreds  or  thousands  of  kilometres.  The 
former  produce  vertical  ionograms  and  the  latter 
oblique  ionograms.  A  further  category,  the  backscatter 
sounder,  will  not  be  discussed  here. 

The  HF  Chirpsounder^'"’  manufactured  by  Barry 
Research  (USA)  (sometimes  known  as  the  AN/TRQ-35) 
is  an  off-line  oblique  ionospheric  sounder  which 
provides  HF  channel  (and  ionospheric  information) 
such  as  propagating  frequencies  and  multipath  over  the 
path  from  the  sounder  transmitter  to  the  sounder 
receiver.  If  the  HF  communications  is  over  the  same 
path  as  the  .sounder  the  latter  provides  an  invaluable 
decision  aid  to  choose  the  correct  operating  frequency. 
Figure  4  shows  an  ionogram  from  the  ROSE  (Radio 
Oblique  Sounder  Equipment)  chirp  ionosonde 
developed  at  the  Defence  Research  Agency  in  the  UK 
{Arthur  and  Cannon,  1994]  which  is  compatible  with 
the  Chirpsounder™  format  but  which  provides  higher 
resolution  with  the  signal  amplitude  colour  coded.  In 
this  monochrome  example  an  operator  might  choose  to 
operate  at  18  MHz  where  the  signal  level  is  high  and 
where  there  is  no  multipath. 

Goodman  and  DoeA/er  [  1 988]  and  Shukla  and  Cannon 
[1994]  (for  example)  have  extended  the  measurements 
on  one  HF  path  to  a  broader  area  by  comparing  the 
scaled  values  of  the  Junction  frequency  (JF)  of  the  F- 
irace  to  predicted  values  over  the  path.  (The  Junction 
frequency  is,  for  simple  propagation  conditions,  the 
highest  propagating  frequency  and  is  generally  given 
for  the  F2  mode.  In  Figure  4  it  is  close  to  the  cross 
hairs.)  The  predicted,  and  scaled  JF  values  are  matched 
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by  an  iterative  process  which  uses  the  sunspot  number 
as  a  variable.  This  pseudo  sunspot  number  (PSSN)  is 
then  used  for  all  predictions  in  the  local  area.  Figure  5 
shows  an  application  of  t!  technique.  A  PSSN  has 
been  derived  for  the  path  Andoya  (Norway)  to 
Farnborough  (UK),  which  is  then  used  to  update  the 
.1  ven  Island  (Norway)  to  Farnborough  (UK)  path 
5  top  panel).  The  update  is  performed  every  six 
■It  which  time  the  measured  MUF  obtained  from  a 
ier  on  the  path  is  very  close  to  the  value  derived 
I  the  other  path.  During  the  following  six  hours  the 
oiilerence  between  the  actual  and  spatially  extrapolated 
value  increases  but  generally  remains  smaller  than  the 
difference  between  the  measured  value  and  the 
predicted  value  (derived  using  a  method  known  as 
APPLAB).  This  improvement  is  quantified  in  Figure  5b 
which  shows  the  RMS  errors  between  the  modelled  and 
measured  MUF. 

Vertical  looking  lonosondes  can  also  be  used  to  derive 
the  electron  density  directly  over  the  site  [Titheredge. 
1988].  These  can  then  be  used  to  provide  real  time 
updates  to  the  ionospheric  models  previously  described. 
This  is  the  method  used  by  the  US  Aii  W'eaiiiei  Service 
to  determine  up  to  date  models  of  the  ionosphere. 
Electron  density  information  can  also  be  obtained  from 
oblique  ionogram  traces  although  there  are  more 
inherent  inaccuracies  associated  with  this  approach.  The 
oblique  ionograms  must  be  scaled  to  obtain  a  trace 
representing  group  path  versus  frequency  information 
over  the  path.  This  is  a  difficult  process  The  scaled 
trace  is  then  converted  to  an  equivalent  vertical 
ionogram  trace  [Reilly,  1985  and  1989]  from  which  the 
electron  density  can  be  extracted  using  the  technique 
appropriate  to  vertical  ionograms. 


«  Space  to  Ground  Models  and  Decision  Aids 

4.1  Introduction 

A  radio  signal  which  penetrates  the  anisotropic 
ionosphere  is  modified  in  a  number  of  ways.  Both  large 
scale  changes  due  to  the  variation  in  electron  density 
and  small  scale  irregularities  affect  the  signal.  The 
effects  include  scintillation,  absorption,  variation  in  the 
direction  of  arrival,  group  path  delay,  dispersion, 
Doppler  shift,  polarisation  rotation,  refraction  and  phase 
advance.  With  the  exception  of  the  scintillation  all  of 
these  effects  are  proportional  to  the  total  electron 
content  (TEC)  or  its  time  derivative  and  inversely 
proportional  to  frequency  to  the  appropriate  power.  The 
TEC  is  the  total  number  of  electrons  in  a  column  with  a 
1  m^  base  along  the  path  from  the  transmitter  to  the 
receiver.  Tabic  6  shows  the  magnitude  of  these  effects 
for  a  specimen  frequency  of  1  GHz. 

AGARD  [1990]  describes  the  relationship  between  the 
magnitude  of  the  effects  and  the  TEC.  In  all  cases,  the 
working  frequency  is  assumed  to  be  much  greater  than 
the  critical  frequencies  of  the  ionosphere. 


Group  Path  Delay 

The  excess  time  delay,  over  the  free  space  transit  time, 
in  trans-ionospheric  propagation  is  given  by; 

*  40.3 

A/  = - —  TEC  (s),  (Eq  1 ) 

t/' 


where  TEC  is  the  total  number  of  electrons  in  a  column 
with  a  1  m“  base  along  the  path  from  transmitter  to 
receiver,  c  is  the  velocity  of  light  in  ms  '  and  /  is  the 
operating  frequency  in  Hz,  A  plot  of  time  delay  versus 
system  frequency  for  TEC  values  from  lO'*’  to  lO'*^ 
ei/m*  is  given  in  Figure  6  [CCIR.  1986], 

RF  Carrier  Phase  Advance 

The  phase  0  of  the  carrier  of  the  radio  frequency 
transmission  is  changed  by  the  ionosphere;  it  is 
advanced  with  respect  to  the  phase  in  the  absence  of  the 
ionosphere.  The  impiortance  of  this  effect  is  manifested 
when  determining  space  object  velocities  by  means  of 
range  rate  measurements.  The  phase  increase  may  be 
expres.sed  as; 

1.34x10" 

= -  TEC  (cycles)  (Eq2) 


Doppler  Shift 

With  frequency  being  the  time  derivative  of  the  phase, 
an  additional  Doppler  shift  (on  top  of  geometric  shift) 
results  from  the  changing  TEC.  and  mav  be  expres.sed 
by: 


1.34x10  "  dTEC 

f  dt 


(Hz) 


(Eq  3) 


Faraday  Polarisation  Rotation 

When  a  linearly  polarised  radio  wave  traverses  the 
ionosphere,  the  wave  undergoes  rotation  of  the  plane  of 
polarisation.  At  frequencies  above  about  100  MHz,  the 
polarisation  rotation  may  be  described  by  ; 


n  =  ~B^»TEC{Ta6) 


(Eq4) 


where  k  =2.36x1 0'^  and  \s  the  magnetic  field 
component  parallel  to  the  wave  direction,  taken  at  a 
mean  ionospheric  height. 

The  Faraday  effect  has  been  widely  used  by  the 
scientific  community  to  measure  TEC  with  emissions 
from  orbiting  and  geostationary  satellites.  The  Faraday 
rotation  may  result  in  no  signal  on  a  linearly  polarised 
receiving  antenna  positioned  to  receive  linearly 
polarised  satellite-emitted  signals,  unless  the  receiving 
antenna  is  properly  aligned. 

Angular  Refraction 

The  refractive  index  of  the  earth's  ionosphere  is 
responsible  for  the  bending  of  radio  waves  from  a 
straight  line  geometric  path.  The  bending  produces  an 


apparent  elevation  angle  higher  than  the  geometric 
elevation.  The  angular  refraction  may  be  expressed  by: 


^E  = 


(/?  +  r„sin£jr„cos£'., 
/i,(2r,  +/i,)  + rasin' 


^R 

(rad),  (Eq5) 


where  Eg  is  the  apparent  elevation  angle,  R  is  the 
geometric  range,  is  the  earth’s  radius  and  hi  is  the 
height  of  the  centroid  of  the  TEC  distribution,  generally 
between  300  and  400  km.  AR,  the  excess  range  over  the 
geometrical  range,  is  computed  from: 

A/?  =  (40. 3  /  /' )  .  TEC.  (metres).  (Eq  6) 


Distortion  of  Pulse  Waveforms 

Dispersion,  or  differential  time  delay  due  to  the 
ionosphere,  produces  a  difference  in  pulse  arrival  time 
across  a  bandwidth  Af  of: 


and  seasonal  variations.  No  attempt  to  account  for  day 
to-day  variability  is  made  Only  eight  coefficients  are 
used  to  represent  the  amplitude  and  period  of  TEC  on  a 
global  scale. 

The  U.S  Airforce  is  procuring  [Bishop  el  a/.,  1989]  a 
fully  automated  trans-ionospheric  sensing  system 
(TISS).  This  will  consist  of  a  global  network  of  stations 
making  real-time  measurements  of  the  time  delay  of  the 
ionosphere,  its  rate  of  change  and  its  atnplitude  and 
phase  scintillation.  NAVSTAR-GPS  signals  will  be 
used.  Such  data  will  feed  into  the  ICED  and  WBMOD 
ionospheric  scintillation  (see  later)  model  to  provide 
them  with  near  real-time  updates.  This  will  greatly 
improve  the  specification  of  propagation  effects  on 
specific  paths.  This  future  capability  to  generate  near 
real-time  reports  will  allow  system  operators  to  adjust 
operating  modes  to  mitigate  trans-ionospheric  effects. 

4.3  Scintillation  Based  Predictions  and  Decision 
Aids 


Af  = 


80.6x10" 


Af.TEC(s) 


(Eq  7) 


When  the  difference  in  group  delay  across  the 
bandwidth  of  the  pulse  is  the  same  magnitude  as  the 
width  of  the  pulse.  The  latter  will  be  significantly 
disturbed  by  the  ionosphere. 

Absorption 

In  general,  at  a  frequency  greater  than  10  MHz,  the 
absorption  on  an  oblique  path,  with  angle  of  incidence 
at  the  ionosphere  i,  varies  in  proportion  to  sec(i)/f^ 
Enhanced  absorption  occurs  due  to  increased  solar 
activity  and  due  to  polar  cap  and  auroral  events. 


Ionospheric  scintillation  is  the  fluctuation  of  amplitude, 
phase,  polarisation,  and  angle  of  arrival  produced  when 
radio  waves  pass  through  electron  density  irregularities 
in  the  ionosphere.  The  irregularities  vary  in  size  from 
metre  to  kilometre  .scales.  Scintillation  can  be  severe 
and  present  problems  to  radio  systems  ranging  in 
operating  frequencies  from  20  MHz  to  about  10  GHz.  A 
review  of  ionospheric  scintillation  theories  is  given  by 
Yeh  et  al  ( 1982]  and  a  review  of  the  global  morphology 
of  ionospheric  scintillation  is  given  by  Aarons  11982). 
Figure  8  shows  the  global  picture  of  scintillation 
morphology  for  L-band  ( 1 .6  GHz)  signals  after  Basu  et 
al,  [1988].  Scintillation  is  worse  in  tropical  regions, 
during  the  evenings  around  the  equinoxes  and  in  the 
auroral  zones. 


Table  6  estimates  maximum  values  for  ionospheric 
effects  at  a  frequency  of  IGHz.  It  is  assumed  that  the 
total  zenith  electron  content  of  the  ionosphere  is  10*^ 
electrons  m'^.  A  one  way  traversal  of  waves  through 
the  ionosphere  at  30°  elevation  angle  is  also  assumed. 

4.2  TEC  Based  Models  and  Decision  Aids 

The  TEC  is  normally  determined  by  integration  through 
the  monthly  median  models  discussed  in  Cannon 
[1994]. 


A  global  model  of  scintillation  has  been  developed  to 
assess  its  impact  on  systems  [Fremouw  et  al.  1978].  The 
model  is  known  as  'I^MOD  and  it  permits  the  user  to 
specify  an  operating  scenario  including  frequency, 
location,  local  time,  sunspot  number  and  planetary 
geomagnetic  index,  kp.  The  user  must  also  specify  the 
longest  time  the  system  needs  phase  stability.  The 
mode]  output  includes,  the  spectral  index  p  for  the 
power  law  of  phase  scintillation,  a  spectral  strength 
parameter  (T),  the  standard  deviation  of  the  phase 
variations  and  the  scintillation  index  S^. 


A  algorithm  for  an  approximate  50%  correction  to  the 
world-wide  TEC,  for  use  in  single  frequency  global 
positioning  satellite  (GPS)  has  been  developed  by 
Klobuchar  [1987]  and  evaluated  by  Feess  and  Stephens 
[1987].  The  model  fits  monthly  average  TEC  at  those 
times  of  the  day  when  TEC  is  the  greatest.  The  diurnal 
variation  in  TEC  is  modelled  as  the  positive  portion  of 
a  cosine  wave  during  the  daytime  but  is  held  constant  at 
night.  The  latitude  dependency  is  modelled  by  holding 
the  night-time  and  cosine  phasing  terms  constant  and 
by  using  third  order  polynomials  to  depict  cosine 
amplitudes  and  periods  as  functions  of  the  geomagnetic 
latitude.  Polynomial  coefficients  are  chosen  daily  from 
sets  of  constants  that  reflect  the  sensitivity  to  solar  flux. 


The  spectral  index,  p  describes  the  power  law  which 
characterises  the  scintillating  irregularities  where  the 
scintillation  power  spectrum,  P( v)  is  given  by: 

P{V)  =  AV^'’  (Eq8) 

where  A  is  a  constant  and  v  is  the  frequency.  A  typical 
example  is  given  in  Figure  9. 

The  S4  index  describes  the  standard  deviation  of  the 
received  power  divided  by  the  mean  value  of  the 
received  power,  i.e.: 
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(Eq9) 


Weak  scintillation  corresponds  to  low  values  of  the 
scintillation  index  (e.g.  0<  S4<  0.3  ).  Strong  .scintillation 
(e.g.  S4>0.6)  is  generally  associated  with  the  presence 
of  multiple  scattering. 

Whilst,  the  WBMOD  scintillation  model  provides 
predictions  which  are  useful  for  planning,  the  model 
does  not  provide  real-time  estimates  of  scintillation 
unless  provided  with  the  necessary  real-time  data  as 
described  by  Bishop  etal.  [1989], 


itself  a  region  of  rather  low  probability  of  finding 
suitable  trails,  since  here  they  would  need  to  be  oriented 
parallel  to  the  ground,  a  rather  rare  occurrence!  Instead, 
the  regions  where  there  is  greatest  probability  of  finding 
suitable  trails,  the  so-called  "hot  spots',  lie 
approximately  50  to  100  km  to  either  side  of  the  great 
circle  path  between  the  two  terminals. 

Meteor  scatter  communications  is  primarily  a  weak 
signal  system  because  the  losses  associated  with  the 
scattering  process  are  high.  For  example,  at  40  MHz 
the  transmission  loss  over  a  1(X)0  km  link  is  some  170- 
180  dB,  substantially  higher  than  the  spatial  attenuation 
(approximately  125  dB)  over  the  same  length  path,  but 
rather  less,  by  some  20dB,  than  would  be  found  over  a 
comparable  ionoscatter  link. 


,'kn  alternative  technique  to  mitigate  the  fading  effects 
of  scintillation  is  the  provision  of  diversity  reception  of 
signals. 


For  underdense  trails  the  received  signal  level  as  a 
function  of  time  can  be  described  by  the  following 
equation; 


5  Meteor  Burst  Models  and  Predictions 

5.1  .4n  introduction  to  Meteor  Scatter 
Propagation  and  Meteor  Scatter  Systems 

Meteor  burst  (MB)  communication  can  provide  robust 
and  reliable  beyond  line  of  sight  (BLOS) 
communications  over  distances  from  about  200  to  20(K) 
km.  This  technique  exploits  the  ephemeral  ionised 
meteors  as  they  burn  up  in  the  atmosphere.  Individually 
these  trails  possess  only  fleetingly  short  lifetimes,  of  the 
order  of  a  second  or  less,  but  this  is  sufficient  to  give 
effective  scattering  of  high  frequency  (HF)  and  very 
high  frequency  (VHF)  radio  signals  (usually  in  the 
range  20  120  MHz).  Although  this  may  not  appear 
promising  from  a  communications  viewpoint,  such  vast 
numbers  of  trails  are  formed  each  day  in  the  earth's 
atmosphere  (some  10*®  or  more)  that  successive  trails 
suitable  for  radio  communication  may  occur  at  intervals 
of  only  a  few  seconds.  This  constitutes  a  viable,  yet 
intriguing,  intermittent  radio  communication  medium 
which  has  been  reviewed  by  Cannon  and  Reed  ( 1986). 

Meteor  scatter  communications  requires  less  power  than 
ionoscatter,  is  less  subject  to  degradation  by  ionospheric 
disturbances  than  is  HF,  and  requires  no  frequency 
management  in  order  to  maintain  viable 
communication.  Furthermore,  meteor  burst  systems  are 
less  vulnerable  and  far  less  costly  than  satellite 
communication,  while  the  former’s  inherent  security  and 
resistance  to  jamming  can  also  be  advantageous. 

5.2  Basic  Models  for  Received  Signal  Level. 

Scattering  at  the  meteor  trails  is  approximately  specular 
and  successful  communication  may  be  achieved  when  a 
trail  axis  is  tangential  to  any  ellipsoid  which  has  the 
transmit  and  receive  locations  as  foci.  This  condition 
can  be  fulfilled  by  many  trail  positions  and  this  in 
combination  with  the  distribution  of  trail  radiants  and 
altitudes  (85-110  km)  results  in  certain  parts  of  the  sky 
being  favoured  over  others.  The  zone  around  the  mid¬ 
point  of  the  great  circle  path  joining  two  terminals  is 
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sin"  a 
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RSL=  received  signal  level  (watts) 

Pj  =  transmitter  power  (watts) 

Gj  =  transmitter  antenna  gain  (  rel.  isotropic) 

Gr  =  receiver  antenna  gain  (  rel.  isotropic) 

RT  =  distance  from  the  transmitter  to  the  trail  (m) 

Rr  =  distance  from  the  receiver  to  the  trail  (m) 

X  =  wavelength  (m) 

q  =  electron  line  density  (electrons/metre) 

rg  =  classic  radius  of  the  electron  (2.818  X  !()■''’ m) 
D  =  Diffusion  constant  which  is  a  function  of 
height 

S  =  polarisation  coupling  factor 

0  =  propagation  angle  formed  by  vectors  Rj,  Rr 

P  =  angle  of  the  trail  real-time  to  the  plane  formed 

by  Rx  and  Rr 

a  =  angle  between  the  trail  and  vector  from  the  trail 
to  the  receiver 

This  expression  shows  that  the  received  power  varies  as 
the  cube  of  the  wavelength  and  is  very  dependent  on 
the  path  geometry  (for  each  trail)  via  the  terms  a.  /3 
and  (|). 


The  received  power  varies  with  time  since  the  trail 
expands  radically  by  diffusion  from  the  moment  of  its 
formation.  Typical  values  for  the  diffusion  constant,  D, 
lie  in  the  range  l-15m^s''.  As  the  trail  diameter 
increases,  scattering  occurs  from  different  places  within 
the  trail  with  the  result  that  the  signal  contributions  at 
the  receiver  suffer  progressively  from  destructive 
interference.  The  two  exponential  terms  in  equation  9 
reflect  this  process.  The  first  accounts  for  the  trail 


having  a  finite  initial  radius  by  the  time  the  scattering 
process  commences  while  the  second  term  shows  the 
subsequent  exponential  decay  in  the  received  signal 
strength. 

5.3  Sophisticated  MB  Models 

Meteor  burst  (MB)  communications  systems  have 
performance  requirements  most  usually  quantified  by 
the  concepts  of  message  waiting  time  and  average  data 
throughput.  The  former  can  vary  from  an  acceptable 
value  of  a  few  seconds  up  to  a  few  hours.  An 
acceptable  data  throughput  may  be  as  slow  as  10  bps 
(bits  per  second)  or  may  be  as  high  as  1000  bps.  The 
meteor  burst  operating  performance  is  controlled  by  a 
number  of  factors  including  transmitter  power,  antenna 
gain,  the  sporadic  meteor  radiant  density  map,  and  the 
shower  meteor  radiant  density  map.  The  sporadic 
meteor  radiant  density  map  and  shower  meteor  radiant 
density  map  recognise  the  astronomical  variation  of 
apparent  meteor  sources  as  a  function  of  time  of  day, 
month  and  year.  Retrospective  assessment  of  system 
performance,  extrapolation  of  the  path  performance  to 
another  location  or  time  of  year,  the  design  of  a  new 
system  to  meet  certain  waiting  time  and  average 
throughput  criteria  all  need  a  MB  decision  aid  in  the 
form  of  a  model. 

MB  decision  aids  have  been  developed  with  two  distinct 
philosophies.  The  first  is  the  reference  model  approach 
which  computes  the  waiting  time  and  duty  cycle  on  one 
path,  by  scaling  the  known  performance  of  another 
experimental  path.  The  reference  model  approach 
provides  a  simplified  algorithm  for  rapid  prediction  of 
link  performance.  Reference  based  MB  decision  aids 
should  be  accurate  for  modelled  links  which  are  similar 
to  the  reference  link  but  as  the  modelled  link  deviates 
more  and  more  from  the  reference  link  the  output 
becomes  more  questionable.  In  particular  it  is  very 
difficult  to  account  for  dramatically  different  antenna 
configurations  or  radically  different  operating  latitudes. 

The  physical  modelling  approach  is  a  more 
computationally  difficult  approach  but  one  which 
should  provide  better  success.  This  approach  considers 
path  geometry  in  relation  to  the  meteor  radiant  density 
map  and  corresponding  velocity  distribution,  the  power 
loss  due  to  spreading,  the  power  loss  on  scattering  and 
many  other  system  factors  including  noise  models  and 
antenna  models.  Typical  outputs  consist  of  the  number 
of  meteors  detected  per  unit  time  above  a  certain 
minimum  received  power  level  (RSL),  the  duty  cycle, 
or  the  waiting  time  presented  as  monthly,  daily  or 
hourly  averages.  Schanker  [1990]  describes  a  number 
of  decision  aids  which  have  been  developed  in  the  USA 
based  on  the  physical  modelling  concept.  Desourdis 
[1993]  describes  in  detail  the  background  and 
mathematical  basis  of  the  METEOR  LINK  programs, 
one  of  a  number  of  programs  in  the  METEORCOM 
family  of  MB  communications  modelling  and  analysis 
programs. 

By  way  of  illustration  we  describe  some  output  from  a 
similar  model  developed  in  the  UK  [Akram  and 


Canm>ii.  1994].  f  igure  lOa  shuw^  timr  panels  to:  .i 
hypothetical  path  with  a  tran.siiiitler  lying  on  the 
Greenwich  meridian  and  on  the  equator  The  receuei 
is  also  placed  on  the  equator  but  at  10  east 
Horizontally  polarised  antenna  are  used  at  both  ends  ol 
the  link.  In  each  panel  the  centre  of  the  path  is  located 
at  link  co-ordinates  (0.0)  with  the  transmitter  and 
receiver  respectively  located  at  -t±  555,  0)  km 

The  panel  labelled  Probability  Distribution'  shows  the 
probability  distribution  that  a  meteor  will  be  correctly 
oriented  to  scatter  signals  from  transmitter  to  the 
receiver  if  meteors  arrived  uniformly  from  all 
directions.  This  diagram  shows  a  maximum  over  both 
transmitter  and  receiver  and  a  minimum  at  the  centre  of 
the  path.  In  reality,  however,  meteors  arrive  from  a  wide 
variety  of  directions  but  are  constrained  to  orbits  close 
to  the  ecliptic  and  maximise  in  the  direction  of  the 
earth'.s  way  and  at  angles  -60"  from  that  direction 
Further,  the  probability  is  also  controlled  by  the  earth's 
inclination  to  the  ecliptic.  As  a  consequence  the 
probability  distribution  is  asymmetrical  with  respect  to 
the  great  circle  path  as  shown  in  the  panel  labelled 
'Probability  Distribution  IT.  Moreover  this  distribution 
varies  as  the  day  progresses  as  described  in  Figure  10b, 
c  and  d.  The  third  panel  labelled  Trail  Duration 
quantifies  the  time  that  a  trail  will  last  and  describes  the 
second  exponential  in  Equation  9.  We  see  that  this 
factor  maximises  in  the  centre  of  the  path,  where  the 
probability  of  the  trail  being  detected  is  lowest.  The 
fourth  panel  addresses  the  'Polarisation  Coupling'  loss 
which  combines  the  effects  of  antenna  polarisation, 
Faraday  rotation  ICanno/i.  1986]  and  the  sin-a  term  in 
equation  9.  In  the  illustration  an  isotropic  radiator  is 
employed. 

An  obvious  application  of  such  a  model  is  to  quantify 
the  data  throughput  over  the  path  for  design  purposes. 
For  example  various  antenna  configurations  can  be 
tried  to  optimise  the  system  antenna  design. 

6  The  way  ahead 

A  recurring  theme  throughout  these  two  papers  has  been 
the  adaptation  of  system  operation  by  skilled  piersonnel 
who  have  selected  and  interpreted  the  output  from  a 
computer  program  or  experimental  technique.  The  only 
exception  to  this  rule  is  ARCS  which  operates 
automatically  providing  a  transparent  (to  the  user) 
decision  aid.  An  important  thrust  for  the  future  must  be 
the  further  development  of  automatic  decision  aids.  An 
artificial  intelligence  system  [e.g.  Rose,  1989]  might 
replace  human  operator,  selecting  and  using  the  models 
and  experimental  techniques  to  best  advantage. 
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Table  1. 


MRC  Ionospheric  forecast 


SHORT  TERM  IONOSPHERIC  FORECAST  FOR  EUROPE 

••BULLETIN  BOARD  024!^  76233  (7E1  75/1200) 
FORECAST  ISSUED  15  -’T  Q1  ?eb  1994 

GEC  PAST  SUMMARY  UT  31  Jan- 01  Feb 


HF  SKYWAVE  MUF  VARIATIONS 


12-18 

18-24 

00-06 

06-12  UT 

95-llC 

65-120 

75-95 

95-100 

DAYTIME  LUF 

NORMAL 

SHORTWAVE  FADES 
GEOMAGNETIC  ACTIVITY 

A  =  12  {  UNSETTLED  ) 

31  Jan 

NONE 

SUNSPOT  NUMBER 

81 

10  CM  FLUX  VALUE 

98 

FAIR  TO  NORMAL  HF  RADIO  CONDITIONS 
PREVAILED  FOR  THE  PAST  24  HOURS  . 

FORECAST  1800-1800  UT  01  Feb-02  Feb 


SKYWAVE  VARIATION  MUF  VARIATIONS 

18-24  00-06 

NORMAL  NORMAL 

DAYTIME  LUF 
SWF  PROBABILITY 

GEOMAGNETIC  ACTIVITY  02-04 

A  s  11/23/14  (  UNSETTLED  ) 


06-12 

NORMAL  NORMAL 
NORMAL 
8  PERCENT 

Feb 


12-18  UT 


FAIR  TO  NORMAL  HF  RADIO  CONDITIONS 
ARE  EXPECTED  FOR  THE  NEXT  24  HOURS  . 


Table  2.  SESC  Ionospheric  forecast 


SUBJ;  HF  RADIO  PROPAGATION  REPORT 

JOINT  USAF/NOAA  BULLETIN  PREPARED  AT  THE  AIR  FORCE  SPACE 
FORECAST  CENTER,  FALCON  AFB,  COLORADO. 

PRIMARY  HF  RADIO  PROPAGATION  REPORT  ISSUED  AT  28/0525Z  JAN  94. 

PART  I.  SUMMARY  28/00002  TO  28/06002  JAN-  94/ 

FORECAST  28/06002  TO  20/12002  JAN  94. 

QUADRANT 


I 

II 

III 

IV 

0  TO  90W 

90W  TO  180 

180  TO  90E 

90E  TO 

REGION 

POLAR 

N4 

N4 

N5 

N5 

AURORAL 

N3 

N3 

N4 

N4 

MIDDLE 

N6 

N6 

N7 

N7 

LOW 

N7 

N7 

N7 

N7 

EQUATORIAL 

N7 

N7 

N6 

N7 

PART  II . 

GENERAL  DESCRIPTION  OF  HF  RADIO  PROPAGATION  CONDITIONS 

OBSERVED  DURING  THE  24  HOUR  PERIOD  ENDING  27/24002,  AND  FORECAST  CONDITIONS  FOR  THE  NEXT  24  HOURS. 

CONDITIONS  WERE  GENERALLY  NORMAL.  EXCEPT  FOR  SOME  DEGRADATIONS  REPORTED  IN  THE  TRANSITION  SECTORS  OF  THE 
AURORAL  ZONE.  THE  DEGRADATIONS  WERE  MOSTLY  SPREAD-F  AND  NON-DEVIATIVE  ABSORPTION. 

FORECAST:  EXPECT  MOSTLY  NORMAL  CONDITIONS  EXCEPT  FOR  THE  AURORAL  SECTORS,  ESPECIALLY  THE  TRANSITION  SECTORS. 

WERE  MINOR  PROBLEMS  SUCH  AS  INCREASED  SPREAD-F  AND  NON-DEVIATIVE  ABSORPTION  CAN  BE  ANTICIPATED. 

P/iRT  III.  SUMMARY  OF  SOLAR  FLARE  INCLUDED  IONOSPHERIC  DISTURBANCES  WHICH  MAY  HAVE  CAUSED  SHORT  WAVE  FADES  IN 
THE  SUNLIT  HEMISPHERE  DURING  THE  24  HOUR  PERIOD  ENDING  27/24002  JAN  94  .... 

START  END  CONFIRMED  FREQS  AFFECTED 

0508Z  0531Z  NO  UP  TO  13  MHZ 

PROBABILITY  FOR  THE  NEXT  24  HOURS  ....  SLIGHT 

PART  IV.  OBSERVED /FORECAST  10.7  CM  FLUX  AND  K/AP. 

THE  OBSERVED  10.7  CM  FLUX  FOR  27  JAN  94  WAS  120. 

THE  FORECAST  10.7  CM  FLUX  FOR  28,  29,  AND  30  JAN  94 
ARE  120,  115,  AND  110. 

THE  OBSERVED  K/AP  VALUE  FOR  27  JAN  94  WAS  03/16. 

THE  FORECAST  K/AP  VALUES  FOR  28,  29,  AND  30  JAN  94 
ARE  03/18,  02/10,  AND  03/15. 

SATELLITE  X-RAY  BACKGROUND:  B3 . 5  (3.5  E  MINUS  04  ERGS/CM  S  Q/SEC) . 

THE  EFFECTIVE  SUNSPOT  NUMBbR  FOR  27  JAN  94  WAS  062.0. 
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Table  3.  Available  Output  Methods  in  ICEPAC 


Natbod 

Detfcriptloo  oil  Mtbod 

Ionospheric  Parameters 

2 

lonograms 

3 

MUF 

-  FOT  lines  (nomogrcim) 

4 

MUF 

-  FOT  graph 

5 

HPF 

-  MUF  -  FOT  graph 

6 

MUF 

-  FOT  '  Es  graph 

7 

MOT 

-  MUF  table  (full  ionosphere) 

8 

MUF 

-  FOT  graph 

9 

HPF 

-  MUF  -  FOT  graph 

10 

MUF 

-  FOT  -  ANG  graph 

11 

MUF 

-  FOT  -  Es  graph 

12 

MUF 

by  magnetic  indices,  K  (not  implemented) 

13 

Transmitter  antenna  pattern 

14 

Receiver  antenna  pattern 

15 

Both 

transmitter  and  receiver  antenna  patterns 

16 

System  performance  (S.P.) 

17 

Condensed  system  performance,  reliability 

18 

Condensed  system  performance,  service  probability 

19 

propagation  path  geometry 

20 

Complete  system  performance  (C.S.P.) 

2  I 

Forced  long  path  model  (C.S.P.) 

2  2 

Forced  short  path  model  (C.S.P.) 

23 

user 

selected  output  lines  (set  by  TOPLINES  and  HOTLINES) 

24 

MUF- 

REL  table 

25 

All 

modes  table 

26 

MUF 

-  LUF  -  POT  (nomogram) 

27 

FOT 

-  LUF  graph 

28 

MUF 

-  FOT  -  LUF  graph 

29 

MUF 

Table  4  ICEPAC  Method  10  output 

^c7?ToEFFIClS!T?^"^*^!STHODT^^TcE?A^"ve?srornTS^!r 


JAN  1994  SSN  *  62.  Qeff=  3.0 

Cobbett  Hill,  UK  CRC.  Otcawa,  Canada  AZIMUTHS 
51.27  N  .63  E  -  45.40  N  75.92  W  294.97  53.87 

MINIMUM  ANGLE  3.00  DEGREES 


N.  MI. 
2934.6 


KM 

5434.4 


XMTR  2-30  CCIR.OOO  ISOTROPE  +  .0  clBi  A2im=295.0  OFFaz=360.0  .SOOkW 

RCVR  2-30  CCIR.OOO  CCIK  /ISOTFOPE  Azim=  .0  OFFaz=  53.9 


MUF (....) 


FOT{XXXX> 


00 

MHZ^ 


02  04 


06  08 


10  12  14 


ANG(»* 
18  20  22 


*■*) 


00 

•-+MH2 
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-40 
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-36 
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MUF 

FOT 

ANG 
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9.0 

7.5 

9 . 6 

- 

2.0 

8.7 
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9 . 7 

32- 

-32 

3.0 

8.9 

7.3 

9.7 

- 

4.0 

9 . 1 

7.5 

9.7 

30- 

-30 

5.0 

8.8 

7.2 

9.6 

- 

6.0 

7.4 

6.1 

9.3 

28- 

-28 

7.0 

7.2 

5.9 
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- 
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7  .9 

6.6 
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26- 

-26 
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9.0 

7 . 1 

7.9 

- 

10.0 

10.7 

8.4 

7.1 

24- 

-24 

11.0 

13.7 

10.8 

6.3 

- 

12.0 

18.1 

14.3 

5.7 

22- 

X  -22 

13.0 

22.4 

15.8 

5.6 

X 

14.0 

25.2 

18.9 

5.6 

20- 

-20 
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26.0 

21 .8 

5.7 

XX. 

16.0 

24.6 

20.7 

6.4 

18- 

-18 

17.0 

22.7 

19.1 

6.5 

X 

18.0 

19.3 

16.2 

7.0 

16- 

X  .  -16 

19.0 

15.9 

12.4 

7.3 

- 

20.0 

13.2 

10.3 

8.1 

14- 

.  X  -14 

21.0 

11.6 

9.1 

8.5 

. 

22.0 

10.5 

8.2 

8.8 

12- 

X  -12 

23.0 

9.6 

8.1 

9.5 

.  X 

24.0 

9.2 

7.0 

9.7 
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♦♦+♦++  X..+  “10 

_ 

♦  +  .  X  ♦  +  .  - 

08- 

XX  ...x  t*XXX-08 

_ 

XXXX..XX+  +  + 

06- 

XX  ♦++♦♦++  -06 

04- 

-04 

02- 

-02 

MHZ+- +  -  +  -  +  -  +  -  + 

00  02  04  06  08  10  12  14  16  18  20  22  00 

UNIVERSAL  TIME 


lB-12 


Table  5.  ICEPAC  Method  16  output. 


CCIR  COEFFICIENTS  METHOD  16  ICEPAC  Version  ITS-01  PAGE  I 

JAN  1994  SSN  =  62.  Oef£=  3.0 

Cobbect  Hill,  UK  CRC.  Ottawa.  Canada  AZIMUTHS  N.  MI.  KM 

51,27  N  .63  E  -  45.40  N  75.92  W  294.97  53. 2934.6  5434.4 

MINIMUM  ANGLE  3.00  DEGREES 

XMTR  2-30  lONCAP  Const  lOdB  Azimi295.0  OFFaz=360.0  lO.OOOkW 

RCVR  2-30  CCIR. 000  CCIR  /ISOTROPE  Azim=  .0  OFFaz=  53.9 

3  MHZ  NOISE  =  -136.0  DBW  REQ.  REL  =  .90  REQ .  SNR  =  44.0  DB 
MULTIPATH  POWER  TOLERANCE  =  10,0  DB  MULTIPATH  DELAY  TOLERANCE  =  .350  MS 


14.025.2 

2  .0 

4.0 

6.0 

7.0 

9.0 

11.0 

13.0 

15.0 

17.0 

19.0  : 

21.0  ! 

FREQ 

2F2 

5  E 

4  E 

4  £ 

4F2 

3F2 

3F2 

2P2 

2F2 

2F2 

2F2 

2F2 

MODE 

5.6 

5.0 

3  .2 

3.7 

19.4 

13.2 

11 . 1 

4. a 

4.0 

4.0 

4.1 

4.3 

ANGLE 

18.9 

18.4 

18.3 

18.4 

20.0 

19.4 

19.1 

18.8 

18.7 

18.7 

18.7 

18 . 8 

DELAY 

290 

71 

75 

81 

287 

288 

251 

269 

248 

248 

251 

254 

V  HITE 

.  50 

1 .00 

1 . 00 

1.00 

1-00 

1 . 00 

1.00 

.99 

.98 

.95 

.90 

.80 

F  DAYS 

>62 

291 

241 

214 

177 

161 

153 

147 

144 

143 

144 

146 

LOSS 

13 

-  138 

-82 

-  2  7 

-10 

8 

17 

25 

29 

29 

29 

28 

DBU 

-  122 

-251 

-201 

-149 

-134 

-118 

-111 

-105 

-103 

-102 

-104 

-106 

S  DBW 

- 162 

-131 

-139 

-144 

-146 

-149 

-152 

-154 

-155 

-157 

-158 

-159 

N  DBW 

40 

-120 

-61 

-5 

12 

31 

41 

49 

53 

54 

55 

53 

SNR 

30 

176 

118 

63 

46 

27 

20 

11 

10 

11 

15 

16 

RPWRG 

,41 

.00 

.00 

.00 

.00 

.07 

.35 

.  66 

.73 

.73 

.70 

.68 

REL 

.00 

.00 

.00 

.00 

.00 

.00 

.09 

.00 

.00 

.00 

.00 

.00 

MPROB 
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Table  6.  Estimated  maximum  ionospheric  effects  at  IGHz  for  elevation  angles  of  about  30°;  one-way  traverse 


Effect 

Magnitude 

Frequency  dependence 

Faraday  rotation 

108° 

f-2 

Propagation  delay 

0.25  ps 

Refraction 

<0.017  mrad 

f-2 

Variation  in  direction  of  arrival 

0.2  min  of  arc 

Polar  Cap  Absorption 

0.04  dB 

Dispersion 

0.4  ns/MHz 

f-2 

Scintillation 

- 

r-’ 

Figure  1.  ICEPAC  coverage  area  for  a  transmitter  located  in  southern  England  for  the 
specified  operating  conditions. 


Figure  2.  24-hour  PROPHET  signal  strength  contours  for  the  Honolulu  to  San  Diego  path 
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Figure  6.  Ionospheric  time  delay  versus  frequency 
for  various  values  of  electron  content. 


Figure  7.  Faraday  rotation  versus  frequency 
for  various  values  of  TEC. 
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Figure  8.  Global  picture  of  scintillation 
morphology  for  L-Band  ( 1 .6  GHz)  signals 
(after  etal.  1988) 


Figure  9.  Power  spectrum  of  ATS-6  signals  at 
Boulder 
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Figure  10a  Typical  graphical  output  from  the  computer  Figure  lOc  Plot  of  the  probability  of  meteor  scatter  at 
m^el  in  the  form  of  contour  plots.  The  panels  illustrate  1800  LT  for  the  equatorial  East- West  link, 
the  behaviour  of  an  equatorial  link  running  East- West  at 
0600  hours  local  time. 


Figure  10b  Plot  of  the  probability  of  meteor  scatter  at 
1200  LT  for  the  equatorial  East- West  link. 


Figure  lOd  Plot  of  the  probability  of  meteor  scatter  at 
0000  LT  for  the  equatorial  East-West  link. 
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Ground  Wave  and  Diffraction  (A) 


J.H.  Whitleker 

Coinmunicalions  Research  t’enlrc 
3701  Carling  Ave. 

Ottawa.  Canada  K2H  8S2 


SUMMARY 

The  two  lectures  on  ground  wave  and  dilTraclion  review  the 
effect  of  the  ground  and  of  trce.s  and  buildings  on  the  propaga¬ 
tion  of  radio  waves.  The  first  lecture  (A),  concentrates  on  the 
physical  models  and  basic  mathematical  methods  used  to 
describe  ground-wave  propagation  and  terrain  diffraction.  The 
di.scussion  progresses  from  methods  appropriate  to  smooth  and 
uniform  terrain,  to  those  appropriate  to  irregular  terrain  sur¬ 
mounted  with  trees  and  buildings.  At  the  same  time,  the  radio 
frequencies  of  interest  tend  to  progress  from  HF  and  below'  to 
higher  frequencies.  ITie  second  lecture  (B)  describes  a  range  of 
tools,  most  but  not  all  of  them  computer-based,  that  can  be  used 
to  plan  systems  that  arc  affected  by  these  phenomena.  These 
planning  tools  range  from  simple  equations  and  graphs  to  com¬ 
puter  pmgrams  that  do  intensive  calculations  based  on  detailed 
terrain  data.  Ilicy  may  be  empirical  or  theoretical,  or  a  mixture. 

1.0  INTRODUCTION 

The  subject  of  this  lecture  is  the  attenuatii'n  of  a  radio  signal 
resulting  from  its  interaction  with  the  ground  (iuid  in  some 
cases  with  objecLs  on  the  ground).  Ihere  is  no  sharp  division 
between  the  terms  ‘ground  wave'  and  ‘terrain  diffraction',  but 
the  term  ‘ground  wave’  is  usually  used  at  IIF  and  below,  partic¬ 
ularly  for  ranges  short  enough  that  the  earth  can  be  considered 
flat,  and  'diffraction'  is  usually  used  for  a  curved  earth  and  at 
VHF  and  above.  At  the  lower  frequencies,  the  electrical  charac¬ 
teristics  of  the  ground  arc  very  important  and  the  height  varia¬ 
tions  less  so,  while  at  the  higher  frequencies,  the  opposite  is 
true.  At  the  lower  frequencies,  the  wave  is  usually  vertically 
polarized,  since  antennas  are  close  to  the  ground  in  terms  of 
wavelengths,  and  a  horizontally  polarized  wave  tends  to  be 
shorted  out  by  the  conductivity  of  the  earth.  At  the  higher  fre¬ 


quencies.  both  polariz.ations  arc  u-c!  .uid  at  the  highest  fre¬ 
quencies,  it  makes  little  differeiu  '  w  inch  is  used. 

A  previous  AGARD  lecture  on  this  subject  was  given  by 
Palmer  (1D82).  King  and  Page  ( ld73t  give  an  earlier  review  of 
diffraction.  A  monograph  by  Meeks  ( l‘)82)  iiK  ludes  .some 
material  on  diffraction,  and  an  extensive  bibliography  up  to  that 
date.  A  text  by  Boithias  ( 1987)  covers  some  basics  of  gniund 
wave  and  diffraction.  A  recent  AGARDograph  (Richter.  1990i 
includes  material  on  ground  wave  and  diffraction,  as  docs 
(XTR  Recommendation  .526-1  (  FWO) 

Figure  I  illushates  the  diffraction  of  waves  over  a  somewhat 
simplified  hill  The  diagram  shows  the  wave  fronts,  and  per¬ 
pendicular  to  them,  the  wave  normals,  which  indicate  the  local 
direction  of  propagation.  Ihe  amplitude  of  the  field  is  indicated 
by  the  density  of  the  wave  normals.  Ihc  calculation  used  to 
plot  the  diagram  was  done  by  one  I'f  the  methods  to  be  dis¬ 
cussed  later,  under  the  assumption  that  the  ground  is  perfectly 
conducting.  Here,  it  is  intended  only  to  illustrate  how  waves 
can  diffract  over  a  hill. 

2.0  BASIC  IDKAS  AND  CGNVKNTIONS 
2.1  Phase 

Phase  can  be  assumed  to  increase  with  time  and  decrease  with 
di.stance  along  the  wave  normal,  giving  a  field  variation  of  exp 
I  (OH  —  ix)  or  to  decrease  with  lime  and  increa.se  with  di.stance 
giving  exp  i  (ix  -  0)/) .  Here,  to  =  2k/.  where /is  frequency, 
and  k  =  2lt/2..  where  X  is  wavelength.  An  author  may  use 
either  convention,  and  usually  says  which  is  being  used,  but  not 
always,  and  it  may  not  be  immediately  obvious  which  is  in  use, 
since  the  exp  ±itor  factor  is  usually  suppressed.  Which  con¬ 
vention  is  u.sed  makes  no  difference  to  any  physical  result,  pro- 


Figure  1 .  Wave  front  and  wave  noimals  lor  a  50-MHz  wave  diffracting  over  a  hill  constructed  of  perfectly  reflecting  planes. 
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vUied  one  is  used  consistently,  but  any  t|uamily  calculated  with 
one  convention  will  be  the  complex  conjugate  of  that  calcu 
latcd  with  the  other.  Ihe  lirsl  convention  seems  to  be  more 
common  in  recent  years,  and  that  is  what  is  used  here,  lire 
quantity cati  be  denoted  by  cither  /  or  j.  Neither  choice  is 
likely  to  cause  confusion. 

2.2  Keciprocity 

The  reciprocity  theorem  states  that  the  transmission  loss  when 
A  is  transmitting  to  B  is  the  same  as  when  B  is  transmitting  to 
A.  Ihere  are  exceptions,  but  only  in  ionized  media  penneated 
by  a  steady  magnetic  held  (Monteath,  1973,  p.l37).  I'orour 
purposes,  the  theorem  can  lie  regarded  as  absolute.  However, 
the  theorem  does  not  allow  us  to  interchange  antennas, 
although  it  would  usually  make  little  difference,  and  certainly 
does  not  al!'"v  us  to  interchange  antenna  towers.  A  particular 
consequence  of  reciprocity  is  that  for  radar,  at  least  when  the 
transmitter  and  receiver  are  in  the  same  place,  the  path  loss  to 
the  target  is  the  same  as  the  path  loss  on  the  return  trip. 

2.3  If-an-smission  loss  and  field  intensity 

According  to  CCIR  Recommendation  341-2  ( 19‘K)),  the  basic 
transmission  loss  of  a  radio  link  is  the  transmission  loss  that 
would  occur  if  the  antennas  were  replaced  by  (hypothetical) 
isotropic  antennas  with  the  same  polarization  as  the  real  anten¬ 
nas.  and  that  convention  will  be  followed  here.  {Sometimes 
dipole  antennas  are  used  as  a  standard. )  If  we  take  it  as  given 
that  the  effective  capture  area  of  an  isotropic  antenna  is 
k-  /4Jt  =  TC/k'  (full.  1981,  p.44),  it  is  easy  to  find  the  frec- 
space  loss.  Since  the  area  of  the  sphere  with  radius  r  is  4ttr‘, 
the  fraction  of  radiated  power  that  is  captured  is  1/  (4k‘r‘)  . 
That  is,  the  ratio  of  power  transmitted  to  power  received  for 
isotropic  antennas  in  free  space  is 

p  ^ 

y  =  {Ikry  (I) 


The  real  atmosphere  varies  with  time  and  location,  but  for  dif¬ 
fraction  purposes.  the  value  K  =  4/3  is  usually  adopled.com 
monly  called  a  '4/3  earth’ 

3.0  INTKKACTION  WI  I  H  MVlOtil  M  T.ROUNu 
3.1  Plane-wave  reflection 

t’onsider  a  plane  wave  incident  on  fiat  ground  ( f  igure  2 1 


/ 


Figure  2  A  plane  wave  incident  on  a  horizontal  reflecting 
surface. 


Ihe  angle  of  incidence  and  of  reflection  is  0^  In  the  notation  of 
Maclean  and  Wu  ( 1993,  p.  106),  the  reflection  coefficient  is 


COS0  -  A 
'■  cos0^  +  A|, 
for  vertical  polarization,  and 

cos0^  -  6„ 
COS0  +  6(1 

for  horizontal  ptilarizalion.  where 


(4| 


iS) 


Ihis  is  one  version  of  the  well-knowti  inverse  square  law  of 
radiation.  Ihe  relationship  between  received  power  and  r.m.s. 
electric  field  E  is  determined  by  the  fact  that  the  power  density 
(power  per  unit  area)  of  radiation  in  free  space  is  E~/'/,^.  where 
Zp  =  is  the  impedance  of  free  space,  often  appttrxi- 

mated  as  12071  ohms.  (Ihe  exact  value  is 
47110^^  X  299792458,  where  the  9-digit  number  is  the  speed  of 
light  in  a  vacuum.)  The  received  power  is  found  by  multiplying 
the  power  density  by  the  effective  capture  area,  for  an  isotropic 
receiving  antenna,  it  is 

71  s 

P  (2) 

k\ 

2.4  Atmospheric  effects 

Atmospheric  effects  are  dealt  with  in  another  lecture  in  this 
series.  Usually,  for  the  purposes  of  studying  ground  wave  and 
diffraction,  the  atmosphere  is  ignored,  except  for  one  simple 
artifice:  If  it  is  assumed  that  the  rate  of  change  of  the  refractive 
index  of  the  air  with  height,  dn/dz,  is  constant,  then  we  may 
pretend  that  there  is  a  vacuum  above  the  earth,  and  that  instead 
of  its  true  radius  a,  the  earth  has  a  modified  radius  Ka.  where 

1  _  \  ^  dn 

Ka  a  dz 


where  n  is  the  complex  refractive  index  of  the  ground,  defined 
by 


where  E  and  Ep  are  the  permittivities  of  the  ground  and  of  free 
space.  O  is  the  conductivity  of  the  ground,  and  Z  and  Z,,  are 
the  impedances  of  the  ground  and  of  free  space.  Usually,  the 
magnitude  of  the  refractive  index  of  the  ground  is  much  greater 
than  unity,  so  that  =  l/n  and5p  =  n.  Because  of  their  rela¬ 
tionship  to  impedances,  the  quantities  and  Sp  are  known 
(Maclean  and  Wu,  p.23)  respectively  as  the  normalized  surface 
impedance  and  normalized  surface  admittance. 

3.2  Leontovich  Boundary  condition 

Now,  given  a  reflection  coefficient  R,  the  field  E  above  the 
ground  due  to  the  postulated  incident  and  reflected  plane  wave 
is  given  by 


(3) 


T 


E 


I  k  z  ci.)s  0  I  *  •  cm  u 

e  '  +  Ke 


(9) 


where  |  /'.'jil  is  a  constant  and  ;  is  the  vertical  coordinate,  as 
indicated  in  I'lgure  2.  By  differentiating,  it  is  easy  to  discover 
that  at  the  surface,  where  j  =  0, 


1  dh 

J:Tz  " 

for  vertical  polarization,  and 


1  dt: 


liS,, 


(11) 


for  horizontal  polarization.  All  the  foregoing  refers  to  plane 
waves  and  a  flat  earth. 


An  important  generalization  known  as  the  l.contovich  bound¬ 
ary  condition  states  that  equations  ( 10)  and  (11)  hold  for  any 
wave  and  any  surface  ( cos0^  is  set  to  unity).  This  condition  is 
not  exact,  but  for  an  earth  that  has  a  large  refractive  index,  and 
is  not  too  rough,  it  is  a  very  good  approximation.  It  is  (or  can 
be)  used  in  the  derivation  of  most  of  the  ground-wave  results 
that  follow. 


3.J  Flat  earth  •  simple  solution 

An  object  does  not  have  to  block  the  line  of  sight  to  be  an 
obstacle  to  radio  propagation.  The  flat  earth  can  be  considered 
an  obstacle,  particularly  if  the  antcnna.s  arc  low  or  the  wave¬ 
length  is  great,  and  it  will  serve  as  our  first  path-loss  calcula¬ 
tion.  f  irst  a  little  geometry,  consider  f<igurc  3. 


Figure  3.  Antennas  at  A  and  B,  separated  by  horizontal 
distance  x,  on  towers  of  heights  and  hg  on  a 
plane  earth. 


We  want  to  know  the  difference  in  length  between  the  direct 
path  AB  and  the  re^^ted  path.  The  direct  path  length  is 
[x^  +  (/i^  -  hg)  ^1  .  The  reflected  path  length  is  the  same  as 

if  the  path  came  from  the  image  of  A  or  went  to  the  image  of  B. 
That  is,  it  may  be  ft^u^  by  negating  nr  hg ,  and  Is 
[x^  +  {h^+  hg)  .  In  terrestrial  propagation  problem.s.  the 
antenna  heights  can  almost  always  be  assumed  to  be  much 
smaller  than  the  path  length.  Therefore  the  reflected  path  is 
approximately  x+  (h  g  +  hg  )^/2x,  and  similarly  for  the 
direct  path,  and  the  difference  between  them  is 


2^^ 


(12) 


This  is  a  useful  formula  to  remember  when  ground  reflections 
are  considered.  If  the  antennas  are  not  too  low,  and  the  wave¬ 
length  not  too  great  the  propagation  from  A  to  B  can  be 
described  in  terms  of  rays  following  the  two  paths  just  dis- 


2  A.) 


cussed  If  the  propagation  constar'.  is  k  =  271,  X.  the  field  at  B 
due  to  a  unit  source  at  A  is  given  by 


,kr  Uo 

!■:=- - ^R- -  (13) 

"  ''l 

where  R  is  the  reflection  coeflicieiil.  Tor  most  (errestrial  paths 
we  can  put  ~  r  in  the  denominator  of  (he  last  term  ( but  not  in 
the  exponent,  since  kr  is  a  large  number).  Ihis  leatls  to 


I' »  - - [  1  -r  Rcosk  i  r,  -  r)  ~  iRsin.k  (  r,  -  r)  I  ( 14) 

r  ‘  ‘ 

where  we  can  use  equation  (12)  for  -  r  If  we  let  r  increase, 
and  let  R  approach  the  value  - 1  (which  it  will  do  for  grazing 
incidence),  we  find  that  the  quantity  in  square  brackets 
approaches  i2kh^hg/r.  The  power  that  would  be  received  in 
free  space  given  in  eqn.  ( 1 ),  is  reduced  by  the  magnitude  of  this 
quantity  .squared,  which  means  that  the  ratio  of  power  transmit 
ted  to  power  received  is.  for  isotfopic  antennas  over  a  plane 
earth  at  sufficiently  great  distances. 


Ihis  is  equation  (0)  of  Bullinglon  ( 1977).  which  cxhibiLs  an 
often-quoted  power  dependence  of  )//  Ihe  formula  is 
remarkably  simple;  the  path  loss  depends  only  on  the  path 
length  and  the  antenna  heighLs.  not  on  frequeiKy.  iLs  validity 
depends  on  a  number  of  assumptions,  as  we  have  just  .seen.  Par¬ 
ticularly  at  microwave  frequencies,  real  terrain  may  be  often 
too  rough  for  the  reflection  coefficient  to  become  close  to  - 1 . 
Ihe  variation  of  field  amplitude  with  distance  according  to  eqn. 
( 14)  is  illustrated  in  Figure  4. 


Figure  4.  Path  loss  at  300  MHz  as  a  function  of  distance  over 
a  plane  earth  with  relative  pennittivity  30, 
conductivity  0.04  sjemensm,  and  antenna  heights 
50  m  and  2  m.  The  solid  line  is  from  eqn.  (14),  while 
the  dotted  line  is  the  inverse  fourth  power  curve  of 
eqn.  (15). 
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3.4  Flat  earth  -  rigorous  solution 

ITiis  is  not  the  enJ  of  the  flat  earth  problem.  Suppose  one  or 
both  of  the  antennas  is  close  to  the  ground  or  even  on  the 
ground,  as  is  usually  the  ca.se  at  the  longer  wavelengths.  Ihis  is 
the  famous  Soinmerfeld  problem.  For  sin0  =  1 ,  the  solution 
may  be  written  in  the  following  form  (Maclean  and  Wu,  190.4. 
p.  105;  Wait.  1964): 

ikr 

- +  R- - ^(\-R)F(w)- -  (16) 

r  r,  r, 

That  is,  it  is  the  simple  approximate  solution  given  above  with 
an  added  term.  'Ihe  two  original  terms  constitute  what  is  often 
called  the  space  wave,  while  the  third  one  is  usually  called  the 
Norton  surface  wave.  It  is  important  only  close  to  the  surface 
because  the  field  due  to  the  space  wave  is  small  there.  The 
function  F  is  defined  in  detail  elsewhere  (Maclean  and  Wu, 
1993,  p.l06),  but  when  its  argument  w  is  large,  it  has  the  simple 
form  F  =  - 1  /  ( 2vv)  .  The  dimensionless  quantity  w,  known  as 
the  numerical  distance,  is  proportional  to  the  number  of  wave 
lengths  in  distance  .  modified  by  certain  factors,  i.e. 

ikr^  , 

u'  = - ^(cos0  +A|,)'  (17) 

2sin"0 

r 

for  vertical  polarization.  For  horizontal  polanzation.  A,,  is 
replaced  by  8^.  Usually,  sin‘0^=  1  and  cos0^  is  small,  so  that 
the  factors  multiplying  rj  depend  mostly  on  the  electrical  con¬ 
stants  of  the  earth. 

In  contrast  to  the  highly  simplified  result  expressed  by  equation 
( 1 5 ),  the  field  predicted  by  ( 1 4)  or  by  ( 1 6 )  does  not  continue  to 
decrca.se  to  zero  as  the  ground  is  approached,  but  is  roughly 
constant  from  the  ground  up  to  some  height.  In  mathematical 
fonn,  if  the  transmitting  antenna  is  not  too  high,  the  field  close 
to  the  ground  for  vertical  polarization  is  (Maclean  and  Wu, 
1993,  p.l04) 

F  =  ( 1 -H*A„2)  (18) 

where  F^  is  the  field  on  the  ground.  This  may  be  obtained 
directly  from  the  Leontovich  boundary  condition,  eqn.  (10). 
Because  the  second  term  on  the  right  side  is  mostly  imaginary, 
this  means  that  the  magnitude  of  F  does  not  vary  much  up  to  a 
height  of  about  fi  j  =  i/|A:Ajj|  for  vertical  polarization,  some¬ 
times  called  the  minimum  effective  antenna  height.  For  hori¬ 
zontal  polarization,  the  corresponding  height  is  h,  =  l/|k8,j|. 

When  must  you  use  the  Sommerfeld  result  and  when  is  the  sim¬ 
ple  one  of  equation  (14)  adequate?  This  can  be  answered  by 
comparing  the  magnitude  of  the  surface  wave  with  the  magni¬ 
tude  of  the  space  wave.  From  equations  (4),  (16),  and  (17)  and 
using  F  =  -1/  (2m’)  ,  we  can  find,  approximately,  for  small 
values  of  cos0^,  that  the  ratio  of  the  amplitude  of  the  space 
wave  to  that  of  the  surface  wave  is 


t - 

*1 


(19) 


The  simple  theory  will  be  sufficient  if  the  absolute  value  of  this 
ratio  is  somewhat  larger  than  unity.  This  will  be  so  if  either 
antenna  height  is  much  greater  than  fi  | .  Figure  5  is  a  plot  of  the 
heights  fi]  as  a  function  of  frequency  for  various  types  of 
ground,  llie  variation  of  field  amplitude  with  height  is  illus¬ 
trated  in  Figures  6  and  7.  In  these  examples,  the  parameters  are 
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Figure  5  The  minimum  effective  antenna  height  fi,  for 
very  dry  and  for  wet  earth,  and  for  ttw  sea,  for 
vertical  (v)  and  honzontal  (h)  polanzation.  using 
CCIR  electncal  constants  for  these  types  of 
ground.  The  dotted  line  indicates  the  wavelength 
at  each  frequency. 

identical  except  for  the  electrical  constants  of  the  earth.  There 
are  .some  obvious  differences  in  the  results:  The  characteristic 
height  hi  is  aNiul  10  m  in  one  ca.se  and  100  m  in  the  other. 

Close  to  the  surface,  the  field  is  much  greater  over  sea  than 
over  land  The  simple  theory  (eqn.  14)  is  accurate  over  land  at 
this  frequency,  but  it  is  beginning  to  fail  over  .seawater,  where 
the  very  simple  eqn.  ( 1.5)  becomes  wildly  inaccurate. 

Ihc  conclusion  to  be  drawn  from  Figures  5.  6,  and  7  is  that  for 
horizontal  polarization,  the  simple  theory  is  valid  under  all  con¬ 
ditions  at  VHF  and  UHF  at  least  whereas  for  vertical  polariza¬ 
tion.  it  may  not  be  valid  under  all  conditions,  particularly  for 
VtlF  and  lower  frequencies  over  sea  water. 

3.5  .Spherical  Karth 

The  next  great  problem  in  diffraction  theory  for  radio  transmis¬ 
sion  was  propagation  over  a  spherical  earth.  The  problem  was 
solved  by  use  of  the  Watson  transformation  which  results  in  the 
so-called  residue  .series  (the  word  ‘residue’  comes  from  the  the¬ 
ory  of  complex  variables ).  The  solution  for  the  magnitude  of 
the  field  may  be  written  as  follows  (Boithias,  1987,  p.l76; 
Bremmer,  1949,  p.  75;  Wait  1964,  p.l78): 


2x  -1/5^ 


where  Eq  is  the  free-space  field,  X  is  a  dimensionless  quantity 
proportional  to  path  length,  and  8  is  another  dimensionless 
quantity  depending  on  the  radius  of  the  earth  and  the  surface 
impedance  of  the  ground.  The  numbers  are  fixed  for  each  n. 
Each  is  a  height  gain  function.  Kir  reception  points  well 
beyond  the  horizon,  the  terms  of  the  series  decrease  rapidly  as  a 
function  of  n,  and  at  sufficiently  great  distances,  only  the  first 
term  is  required.  In  that  case,  the  equation  shows  that  at  a  con¬ 
stant  height,  field  strength  decays  almost  exponentially  with 
distance.  The  variation  with  height  is  described  by  Boithias; 
The  field  is  approximately  constant  up  to  the  characteristic 
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Field  /  Free-spoce  field  (dB) 


Figure  6.  Field  as  a  function  of  height  over  wet  ground 
e  =  30,  o  =  0.01 ,  due  to  a  30  MHz 
mnsmitter,  vertically  polarized,  10  km  away,  with 
an  antenna  height  of  100  m.  The  solid  and 
broken  cun/es  (almost  superimposed]  represent 
resp^tively  the  rigorous  and  simple  (eqn.  14) 
solutions,  while  the  dotted  curve  represents  the 
even  simpler  solution  of  eqn.  (15). 


Figure  7.  Field  as  a  function  of  height  over  sea  water 

E  =  70,  o  =  5. ,  due  to  a  30  MHz  transmitter, 
vertically  pdarized,  10  km  away,  with  an  antenna 
height  at  100  m.  The  solid  and  broken  cunres 
represent  respectively  the  rigorous  and  simple 
(eqn.  14)  solutions,  while  the  dotted  cunre 
represents  the  even  simpler  solution  of  eqn.  (tS). 


height  fi|  already  mentioned,  then  increases  linearly  up  to  a 
second  characteristic  height  ftj  that  depends  only  on  the  earth's 
radius  and  the  frequency.  Above  that,  it  increases  exponen¬ 


tially.  Of  course,  the  field  eventually  slops  increasing,  as  il 
approaches  the  tree-space  value,  but  by  then  il  is  no  longer 
descTibed  by  the  lirst  lenn  of  the  residue  series. 

An  example  of  held  as  a  function  of  height  is  shown  in 
l  igure  8.  At  IIX)  MHz  over  sea  water,  hj  =  10  m.  and 


Fleid  /  Free-spoce  field  (dB) 

Figure  8.  Field  as  a  function  ol  height  over  sea  water 

E  =  70,  o  =  5  ,  due  to  a  100  MHz  transmitter, 
veitcally  polarized,  80  km  away,  with  an  antenna 
height  of  100  m, 

h-,  »  100  m.  The  region  up  to  10  m  where  the  field  does  not 
change  much  is  obvious,  hut  the  transition  from  a  linear  varia¬ 
tion  (6  dB  for  each  doubling  of  height)  to  an  exponential  one  (7 
or  8  dB  per  doubling)  is  very  gradual. 

We  have  discussed  the  field  at  ranges  short  enough  that  the 
earth  may  be  considered  flat,  and  also  in  the  deep  shadow  of  a 
curved  earth.  There  is  an  awkward  region  in  between,  where 
neither  approach  works  very  well.  That  is,  the  eartn  can  no 
longer  be  considered  flat,  but  on  the  other  hand,  the  residue 
series  converges  very  slowly.  For  this  region,  Bremmer  (1958) 
and  Hill  and  Wail  ( 1980),  give  an  extension  of  the  flat  earth  the¬ 
ory  in  the  form  of  two  series  in  which  the  first  term  is  the  flat 
earth  expression.  Which  series  is  used  depends  mainly  on  the 
ground  impedance. 

4.0  INHOMOGENEOUS  AND  IRREGULAR  GROUND 

The  next  step  towards  realism  and  complexity  is  to  entertain 
the  possibility  that  the  earth  may  not  be  homogeneous  and 
smooth.  Inbomogeneities  in  electrical  constants  are  relatively 
important  at  the  lower  frequencies,  while  the  height  and  shape 
of  obstacles  are  relatively  important  at  VHP  and  UHF. 

4.1  Rough  ocean  (or  earth) 

Suppose  next  that  the  surface  is  flat  or  spherical  on  a  large 
scale,  but  rough  or  corrugated  on  a  scale  comparable  with  or 
smaller  than  a  wavelength.  Barrick  (1971a,b)  discusses  this  sit¬ 
uation,  and  finds  that  the  theory  already  discussed  here  can  be 
employed,  with  the  effect  of  the  roughness  being  expressed  as  a 
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inodilicd  surface  impedance.  I'he  new  surface  impedance, 
applicable  particularly  to  (he  ocean,  depends  on  the  height 
spectrum  of  the  surface.  A  nrugh  <Kcan  can  reduce  Ihe  field 
sirengih  considerably,  as  indicated  in  F-igure9  (Barrick.  1971b. 
p..‘i32),  although  at  50  MHz  a  useful  ground-wave  signal  does 
not  go  beyond  a  few  hundred  kilometres  in  any  ca.se.  A  physi¬ 
cal  picture  of  what  happens  is  that  w  ave  energy  is  scattered 
upward  by  the  irregularities,  and  is  removed  from  the  coherent 
wave  close  to  the  ground. 


Figure  9.  Added  transmission  loss  due  to  sea  state  at 
50  MHz.  Figure  9  of  Bamck  (1971b). 


4.2  Inhomogeneous  ground 

I'he  surface  may  be  smooth  but  with  electrical  parameters  that 
vary  along  the  path.  At  Li'  to  HK  propagation  (vertical  polar¬ 
ization)  is  much  better  over  sea  than  over  land.  Wait  ( 1980) 
describes  two  methods  for  dealing  with  mixed  paths.  One  is 
based  on  the  compensation  theorem.  See  section  4.4  below. 

I'he  other  method  is  mode-matching.  Ihe  terms  of  the  residue 
scries  already  mentioned  can  be  considered  to  be  propagation 
modes,  somewhat  similar  to  modes  in  a  waveguide.  Suppose  a 
path  passes  over  land  and  then  sea.  There  is  a  particular  set  of 
nu'dcs  on  the  land  part,  and,  one  supposes,  a  different  set  of 
modes  on  the  sea  part.  If  backscatter  is  neglected,  the  modes  on 
the  first  part  are  known,  since  they  are  not  influenced  by  the 
second  part.  The  modes  on  the  second  part  arc  not  known  at 
first,  but  they  can  be  found  by  making  them  arnsistent  with  the 
electrical  constants  of  the  second  part  and  demanding  that  the 
fields  as  a  function  of  height  match  at  the  boundary  between  the 
two  parts  of  Ihe  path.  It  turns  out  that  both  approaches  lead  to 
exactly  the  same  result. 


poses.  Ihe  idea  is  lirst  to  find  the  received  field  amplitude  over 
the  whole  path,  assuming  it  to  be  homogeneous  with  the  elec¬ 
trical  constants  of  the  last  segment.  Ihen  this  value  is  correcled 
for  the  different  electrical  constants  of  the  first  part  of  Ihe  path 
by  finding  the  difference  between  the  fields  found  when  the 
first  part  of  the  path  is  done  with  Die  correct  constants,  and 
when  it  is  done  with  the  constants  of  the  last  segment  If  the 
first  part  of  the  path  is  itself  mixed,  Ihe  pnicess  continues  in  the 
same  way.  Ihen  the  same  thing  is  done  starting  with  the  first 
segment,  and  the  two  results  averaged,  so  that  the  'suit  is 
reciprocal.  If  (d)  is  the  field  calculated  for  distance  d  using 
the  ground  constants  of  the  n'th  segment.  Ihe  first  lield  found  is 

=  -E,(d^)  +EAd^+d,) 

-  (dj  -td,)  -t  A',  (c/j  -I-  dj  -Kfj) 

where  Ihe  distances  d;,  Us.  and  df  are  indicated  in  I'igure  10. 
Ihe  corresponding  field  A'j.  is  then  found  by  interchanging  the 
subscripts  1  and  3,  and  the  final  result  is  the  average  of /-.j  and 

I'-R 

4.3  Irregular  terrain  -  ground  wave 

l•inally.  suppose  that  Ihe  terrain  along  the  propagation  path  var¬ 
ies  in  both  electrical  properties  and  in  height.  Much  of  the  rest 
of  this  lecture  will  be  devoted  to  this  situation.  How  it  is  treated 
depends  on  the  frequency  in  question.  Ihe  discussion  begins 
with  methods  appropriate  to  the  lower  frequencies,  in  which 
there  are  two  main  approaches:  the  compensation  theorem 
(Maclean  and  Wu.  1993)  and  an  integral  equation  for  fields  on 
the  surface  of  the  terrain  (Olt.  1 992 ). 

4.4  Compensation  theorem 

Ihe  compensation  theorem  approach  is  related  to  Ihe  reciproc¬ 
ity  theorem.  It  is  assumed  that  the  antennas  at  both  ends  of  the 
transmission  path  are  emitting.  Begin  with  an  unperturbed 
ground,  say  a  plane  surface  with  constant  electrical  characteris¬ 
tics.  that  is  simple  enough  to  allow  the  fields  to  be  calculated  in 
a  straightforward  way.  as  illustrated  in  I'igure  11. 


Figure  11.  Compensation  theorem,  with  simple  and 

perturbed  ground  between  antennas  A  and 


Figure  10.  An  inhomogeneous  path.  The  electrical 
constants  of  the  earth  are  different  for  the 
segments  of  lengths  d),  d^,  and  d^. 


For  this  unperturbed  (simple)  ground,  the  electric  and  magnetic 
fields  on  the  ground  due  to  antenna  A  are  and  respec¬ 
tively.  and  those  due  to  antenna  B  are  Eg  and  Hg .  When  the 
ground  is  perturbed  (irregular),  the  corresponding  (unknown) 
fields  are  E'^  and  H’ ^  .  If  antenna  B  is  a  horizontal  magnetic 
current  element  of  strength  f„gdl  (equivalent  to  a  vertical 
electric  current  element),  then  the  compensation  theorem 
(Maclean  and  Wu.  p.lfifl)  states  that 

H;  (B) 

l^Jfl/fg.(nxE;  )-fi'  (nxEg)IdS 

®  s 


There  is  also  a  simple  approximate  method  due  to  Millington 
(1949),  and  outlined  in  CCIR  Report  717-3  (1990)  that  is 
widely  used,  and  is  considered  accurate  enough  for  most  pur- 


(22) 
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where  the  vector  n  is  the  unit  vector  normal  to  the  ground,  and 
integration  is  over  the  ground.  The  fields  in  this  equation  arc  to 
be  regarded  as  vectors.  In  the  integrand,  electric  and  magnetic 
fields  can  be  related  to  each  other  in  terms  of  surface  imped¬ 
ance.  If  the  perturbed  ground  is  not  much  different  from  the 
simple  ground,  then  E'^  and  H'^  can  be  replaced  by  their 
unprimed  counterparts  in  the  integral,  and  it  will  not  make 
much  difference  to  the  answer.  (This  is  the  idea  of  a  perturba¬ 
tion  theory.)  Otherwise,  (eqn  22)  becomes  an  integral  equation 
that  must  be  solved  somehow,  numerically  in  the  general  case. 

4.5  Green’s  theorem 

nie  other  approach  (Hufford,  1952;  Ott.  1992)  begin.s  with 
Green’s  theorem,  which  relates  the  field  on  a  closed  mathemat¬ 
ical  surface  to  the  field  in  the  interior  of  the  surface.  Here,  part 
of  this  .surface  coincides  with  the  surface  of  the  ground.  The 
result  is  an  integral  equation.  Hufford’s  version  is  the  easier  to 
understand.  The  basic  equation  involves  an  (electric  or  mag¬ 
netic)  field  y  (B)  at  points,  and  its  value  \(/q(S)  in  free 
.space.  The  equation  is 

V(B)  =:  2yQ(B) -^jjV(G)^(A^,-t|^)d5’  (23) 
s 

where  r  is  the  distance  QB,  is  the  surface  impedance 
defined  in  (6),  and  the  integration  is  over  the  ground.  The 
geomefiy  is  illustrated  in  Figure  12. 


Figure  12.  Irregular  ground  between  antennas  A  and 
B,  and  the  integral  equation  resulting  from 
Green’s  theorem. 


Ihis  equation  is  something  like  Huygens’  principle  (more  on 
this  later)  in  which  each  point  on  the  ground  radiates  with  an 
amplitude  proportional  to  the  field  y  ((2)  <  3nd  the  resulting 
wave  arrives  at  B  with  a  free-space  propagation  factor 
exp  {-ikr)  /r.  Before  integration,  the  equation  is  made  one¬ 
dimensional,  and  the  effect  of  points  beyond  B  (backscatter)  is 
neglected.  The  Geld  on  the  surface  is  not  known  initially,  but 
eqn.  (23)  can  be  applied  to  points  on  the  surface  as  well  as  to 
elevated  points.  Therefore  the  field  at  any  point  on  the  surface 
can  be  found  in  terms  of  the  field  along  the  path  up  to  that 
point.  It  turns  out  that  this  equation  is  not  easy  to  integrate 
numerically,  except  at  very  low  frequencies.  However,  Ott  and 
Berry  (1970)  replaced  the  free-space  propagation  factor  with 
one  resembling  the  solution  to  the  Sommerfeld  plane-earth 
problem.  The  resulting  integral  equation  is  similar  to  the  one 
resulting  from  the  compensation  theorem.  With  it,  they  have 
been  able  to  integrate  the  equation,  in  the  most  recent  instance 
(Ott,  1992),  for  frequencies  up  to  100  MHz. 

4.6  Furutsu 

Furutsu  (1982)  has  generalized  the  residue  series  approach  for 
a  curved  earth  to  include  paths  on  which  the  electrical  constants 
and  the  elevation  are  different  on  several  sections  of  the  path, 
but  uniform  within  a  section.  There  may  also  be  a  narrow  ridge. 


or  knife  edge,  at  the  boundary  between  any  two  sections.  Ihe 
type  of  path  profile  is  illustrated  in  Figure  13. 


Figure  13.  A  path  composed  of  homogeneous  sections 
wim  discontinuifies  between  the  sections  and 
a  knife  edge  at  one  discontinuity. 


The  solution  is  expressed  in  terms  of  a  multiple  residue  .series, 
according  to  the  number  of  terrain  sections.  'Fhe  method  of 
solution  is  an  iterative  one.  and  not  all  possible  terms  are  kept, 
an  approximation  equivalent  to  a  Kirchhoff  approximation  pre¬ 
viously  made  by  Wait  (1968).  The  solution  is  a  complex  one.  is 
based  largely  on  rigorous  theory,  and  it  can  be  expected  to  be 
accurate  provided  the  terrain  can  be  reasonably  modelled  in  the 
way  required. 

5.0  DIFFRACTION  AT  VHF  AND  HIGHER 
5.1  Fresnel  zones 

The  concepts  and  methexis  that  tend  to  be  used  at  VHF'  and 
higher  are  quite  different  from  those  used  at  the  lower  frequen¬ 
cies.  The  emphasis  is  less  on  a  close  interaction  with  the 
ground,  and  more  on  things  simply  being  in  the  way. 

A  concept  that  is  very  often  used  is  that  of  F'resnel  zones.  C’on- 
sider  the  direct  path  (a  straight  line)  from  A  to  B,  and  consider 
also  the  path  of  a  wave  scattered  by  some  terrain  feature  (the 
dotted  path  indicated  in  Figure  14).  If  the  diflTerence  in  the  two 
path  lengths  happens  to  be  exactly  one  half  wavelength,  then 
the  terrain  feature  is  at  the  edge  of  the  first  Fresnel  zone.  If  the 
difference  is  one  wavelength,  it  is  at  the  edge  of  the  second 
Fresnel  zone,  and  .so  on  in  half-wavelength  steps. 

It  is  the  first  Fresnel  zone  that  is  of  most  interest.  If  the  first 
Fresnel  zone  is  not  obstructed  anywhere  along  the  path,  then 
the  path  may  be  considered  to  be  a  clear  line-of-sight  path. 
Sometimes  the  criterion  0.6  of  Ihe  first-Fresnel-zone  radius  is 
used  instead.  This  is  becau.se  a  wave  passing  over  a  knife  edge 
with  0.6  Fresnel-zone  clearance  has  about  the  same  amplitude 
as  an  unobstructed  wave.  Using  the  fti/l  Fnesnel-zone  radius  is  a 
more  conservative  criterion.  ’I’he  first  Fresnel  zone  is  circular  in 
cross  section  perpendicular  to  the  line  of  sight,  and  its  radius  is 
given  by 


where  the  distances  d/y  and  are  indicated  in  Figure  14.  Over 
the  whole  path,  considered  in  three  dimensions,  the  boundary 
of  the  first  (or  any  other)  Fresnel  zone  traces  an  ellipsoid, 
something  like  a  very  elongated  balloon  attached  at  the  ends  to 
the  antennas,  as  illustrated  in  Figure  14. 

A  vertical  cross  section  of  a  Fresnel  ellipsoid  is  a  ciicular 
Fresnel  zone.  On  the  other  hand,  a  horizontal  section  is  a  very 
elongated  ellipse.  Therefore,  when  the  interaction  of  the  wave 
with  the  ground  is  considered,  the  area  of  ground  that  must  be 
taken  into  account  is  of  the  order  of  B|  in  width  transverse  to 
the  propagation  path,  but  very  much  longer  along  the  path,  par- 
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Figure  14.  The  first  Fresnel  ellipsoid  between  antennas  A 
and  B.  A  Fresnel  zone  has  radius  In  this 
illustration,  the  terrain  penetrates  the' ellipsoid 
only  a  little.  The  fine  AB  need  not  be 
honzontal. 

ticularly  if  the  terrain  is  flat  or  gently  curved.  At  the  lower  fre¬ 
quencies,  it  may  cover  almost  all  of  the  propagation  path. 

If  obstacles  penetrate  into  the  first  Fresnel  zone,  the  attenuation 
depends  on  how  much  of  it  is  blocked  (and  on  the  shape  of  the 
obstacle!.  The  simplest  example  is  a  sharp  transverse  ridge 
(modelled  as  a  kttife  edge)  that  blocks  exactly  half  of  the  first 
Fresnel  zone.  In  that  case,  the  field  amplitude  is  reduced  by 
half,  with  a  power  loss  of  6  dB.  An  obstruction  that  is  broad  in 
the  direction  of  propagation  would  cause  greater  attenuation. 

At  VHF  and  higher  frequencies,  the  simplest  problem  to  con¬ 
sider  is  perhaps  the  same  as  at  lower  frequetKies,  namely  the 
plane  earth,  but  only  the  simple  solution  is  used,  since  the 
wavelength  is  short,  and  the  antennas  are  usually  higher  than 
the  characteristic  heights  shown  in  Figure  2.  The  next  simplest 
problem  is  the  knife  edge,  discussed  next. 


surface  S  above  it  over  which  E  is  integrated. 


h/H 


(26) 


where  the  integral  is  one  form  of  the  well-known  Fresnel  inte¬ 
gral,  h  is  the  height  of  the  knife  edge  above  a  straight  line 
between  A  and  B,  and  H  is  a  scale  height 


H  = 


2d,d^ 

A'  (rfj  +  rf,) 


(27) 


T  he  variable  of  integration  ( is  a  dimensionless  analog  of  the 
vertical  coordinate  in  the  surface  S.  A  popular  alternative  form 
of  (26)  is 


5.2  Knife  edge  -  physical  optics 

If  the  propagation  path  is  obstructed  by  a  single  hill  that  is  nar¬ 
row  in  the  direction  of  propagation,  it  can  be  idealized  as  a  ver¬ 
tical  screen  with  a  straight-edge  top.  The  screen  does  not  have 
any  particular  electrical  properties,  but  is  supposed  to  simply 
absorb  any  radiation  incident  on  it.  This  is  the  realm  of  physical 
optics.  The  wavelength  is  assumed  to  be  much  shorter  than  any 
part  of  the  propagation  path,  if  the  propagation  path  is  divided 
into  parts  by  knife  edges  or  other  discrete  objects.  However,  the 
wavelength  is  not  so  short  that  geometric  optics  applies.  That 
is,  we  are  still  thinking  in  terms  of  waves,  not  rays.  One  of  the 
basic  ideas  of  physical  optics  is  Huygens’  principle.  It  slates 
that  the  field  at  any  point  in  space  can  be  considered  as  a  point 
source  of  radiation.  More  precisely,  in  the  configuration  indi¬ 
cated  in  Figure  15,  the  field  E  at  any  point  B  is  given  by  (Beck¬ 
mann  and  Spizzichino.  1987,  p.  181:  Whitteker,  1990) 

:l  -ikr 

E-(B)  -  -— f  f  (cosO, -(- cosO,) — dS  (25) 

47tJJ  ■  r 

s 

where  the  angles  6  j  and  0^ ,  the  distance  r,  and  the  surface  S  of 
integration,  are  indicated  in  Figure  15. 

In  the  integrand,  E  is  the  field  at  the  Huygens  point  source,  and 
the  wave  is  modified  by  the  factor  exp  (-ikr)  /r  on  its  way  to 
B.  Ordinarily,  the  horizontal  distances  are  much  longer  than 
vertical  ones,  so  the  cosines  can  be  set  to  unity.  To  solve  the 
knife-edge  problem  in  a  simple  way,  we  assume  that  the  field  E 
in  the  space  above  the  knife  edge  is  just  the  free-space  field 
from  the  source,  which  is  of  the  form  exp  (-iks)  /s,  where  s  is 
the  distance  from  (he  source. 

The  field  relative  to  the  free-space  field  Eg  is  then 


where 


'2(rf,+d2) 

Xd^d^ 


(CCIR  Recommendation  526-1). 


(28) 


(29) 


5.3  Round  Hill 

The  solution  to  a  single  rounded  hill  is  similar  to  that  for  the 
spherical  earth,  already  considered.  The  residue  series  may  be 
used  for  points  deep  in  the  shadow,  but  numerical  integration  of 
a  complex  integral  repiresentation  of  the  field  may  be  used  for 
points  where  the  residue  series  converges  slowly  (Vogler. 

1985).  It  is  not  necessary  to  do  a  new  calculation  for  every  pos¬ 
sible  combination  of  frequency,  soil  type,  and  radius  and  height 
of  hill.  These  quantities  can  be  combined  into  three  dimension¬ 
less  parameters,  relating  mainly  to  the  frequency  and  ground 
constants,  height  of  the  hill,  and  radius  of  the  hill,  and  calcu¬ 
lated  once  and  for  all.  Plots  (Vogler,  1985)  have  been  made  of 
these  results.  If  the  terrain  consists  of  only  one  regularly- 
shaped  rounded  obstacle,  then  these  curves  provide  a  good  pre¬ 
diction  of  path  loss.  Formulas  that  represent  approximately 
attenuation  over  a  single  hill,  applicable  also  to  the  spherical 
earth,  except  in  the  case  of  vertical  polarization  over  seawater, 
are  given  in  CCIR  Recommendation  526-1  (1990). 

5.4  Multiple  Knife  Edges 

If  terrain  is  rugged  enough,  it  can  be  modelled  as  several  knife 
edges.  Even  though  a  single  knife  edge  leads  to  an  easy  result, 
several  do  not,  at  least  in  general.  The  integration  of  eqn.  (25) 
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Figure  16.  Three  knife  edges  (M  s  3)  between  antennas 
A  and  B.  The  field  is  integrated  over  the 
vertical  surfaces  indicated  by  dotted  lines 
using  eqn.  (25).  The  thin  segmented  line 
connects  one  of  many  sets  of  integration 
points. 

must  be  performed  successively  on  surfaces  Sj,  S2,  S3....  as 
indicated  in  Figure  16.  Millington  et  at.  ( 1962)  worked  out  the 
attenuation  due  to  two  knife  edges  as  a  two-dimensional 
Fresnel  integral.  The  formulation  is  fairly  easy  to  program  into 
a  computer.  It  is  based  on  exactly  the  same  physical-optics 
scheme  that  was  just  outlined  for  a  single  knife  edge. 

For  N  knife  edges,  Vogler  ( 1982)  worked  out  how  to  evaluate 
the  required  multiple  integral  by  expanding  part  of  the  expo¬ 
nent  of  the  integrand  as  a  power  series.  The  series  is  somewhat 
complicated,  and  the  time  required  to  compute  it  rises  very  rap¬ 
idly  as  a  function  of  the  number  of  knife  edges,  but  it  very 
nicely  breaks  through  the  N=2  barrier.  The  series  does  not  con¬ 
verge  everywhere,  but  the  problems  for  which  it  does  not  con¬ 
verge  can  be  transformed  into  problems  in  which  it  does  (more 
on  this  later). 

In  the  very  special  case  in  which  the  knife  edges  are  ail  the 
same  height  and  evenly  spaced,  the  multiple  integral  for  N 
knife  edges  has  been  worked  out  analytically  for  a  few  antenna 
positions.  In  a  particularly  simple  case,  where  both  antennas 
are  in  line  with  the  knife  edges,  and  separated  from  them  by  the 
knife-edge  spacing,  the  field  relative  to  the  frec-space  held  is 
1/  (N+  1 )  .  Xia  and  Bertoni  ( 1992)  have  exploited  these  solu¬ 
tions  to  model  buildings  as  knife  edges  (see  Part  B  of  this  lec¬ 
ture). 

5.5  Heuristic  schemes 

There  are  also  approximate  methods  of  estimating  the  attenua¬ 
tion  due  to  several  knife  edges  that  are  based  only  partly  on  the¬ 
ory.  These  are  much  less  computationally  intensive  than  the 
methods  just  mentioned,  but  they  are  also  less  accurate.  The 
best-known  are  those  due  to  Epstein  and  Peterson  ( 1953)  and  to 
Deygout  ( 1966).  In  both  schemes,  a  string  is  stretched  over  ter¬ 
rain  between  the  antennas,  and  each  point  that  supports  the 
string  is  modelled  as  a  knife  edge.  In  the  Epstein-Peterson 
scheme,  for  each  knife  edge,  a  single-knife-edge  attenuation  is 
found,  for  transmission  between  the  preceding  knife  edge  and 
the  following  one.  These  attenuations  (in  decibels)  are  then 
added.  In  the  Deygout  scheme,  one  knife  edge  is  chosen  as  the 
dominant  one,  and  the  attenuation  is  found  for  this  knife  edge 
as  if  it  were  the  only  one  between  the  antennas.  Then  attenua¬ 
tions  are  fouiKl  between  the  dominant  knife  edge  and  the  anten¬ 
nas  on  either  side,  and  added.  If  many  of  these  subdivisions  are 
made,  the  calculated  path  loss  becomes  much  too  large.  Usu¬ 
ally  only  three  obstacles  are  considered.  However,  Deygout 
(1991)  has  introduced  an  expression  for  correcting  the  calcu¬ 


lated  loss  when  obstacles  of  similar  importance  are  clo.se  to 
each  other,  and  suggests  that  with  its  use  seven  obstacles  may 
be  considered.  Meeks  ( 1983)  introduced  a  modification  of  the 
Deygout  method  that  allows  two  knife  edges  below  the  line  of 
sight  to  be  considered. 

Pogorzelski  (1982)  analyzed  these  methods  in  terms  of  more 
rigorous  types  of  calculation.  His  conclusion  was  that  the 
Epstein-Peterson  path-loss  predictions  tended  to  be  tix)  low. 
while  the  Deygout  predictions  tended  to  be  high.  He  speculated 
that  the  Deygout  scheme  might  be  more  accurate  on  average, 
because  the  tendency  of  the  knife-edge  representation  to  under¬ 
estimate  path  loss  would  tend  to  cancel  the  overestimation  of 
the  method  itself.  Of  course,  in  implementing  either  scheme, 
empirical  corrections  can  be  introduced.  There  are  other 
schemes,  reported  by  Hacking  (1966)  and  by  Gionavelli 
(1984),  that  are  somewhat  similar  to  the  Epstein-Peterson,  but  a 
bit  more  complex,  and  which  are  designed  to  be  similar  in 
effect  to  the  geometric  theory  of  diffraction  (see  Section  5.9). 

5.6  Multiple  Round  Hills 

A  natural  step  beyond  modelling  terrain  as  a  series  of  knife 
edges  is  to  model  it  as  a  series  of  cylindrical  hills.  This  ia  a  gen¬ 
eralization  of  the  multiple-knife-edge  model,  since  as  the 
radius  of  a  hill  tends  to  zero,  the  solution  approaches  that  of  the 
knife-edge  problem.  An  early  model  of  this  sort  was  by  de 
Assis  (1971),  who  simply  used  the  Deygout  construction,  using 
the  known  attenuabon  for  a  hill  of  given  radius  in  place  of  the 
knife-edge  attenuation.  It  was  an  intuitive  approach,  grafted  on 
top  of  the  already  intuitive  approach  of  the  Deygout  construc¬ 
tion.  It  allows  a  better  representation  of  rolling  terrain  than  a 
knife-edge  construction,  but  the  predicted  losses  become 
excessive  if  more  than  about  three  obstacles  are  considered,  or 
if  there  is  more  than  one  with  a  large  radius  of  curvature. 

A  more  recent  model  (Sharpies  and  Mehler.  1989)  puts  cas¬ 
caded  cylinders  on  a  better  theoretical  basis.  It  combines  the 
multiple  knife  edge  calculation  of  Vogler  (1982)  with  the  cylin¬ 
der  diffraction  results  of  Wait  and  Conda  ( 1959)  for  near-graz¬ 
ing  incidence.  The  combination  is  based  on  the  observation  that 
the  Wait  and  Conda  solution  is  composed  of  the  knife-edge 
field  plus  a  field  that  seems  to  come  from  a  line  source  at  or 
near  the  crest  of  the  obsfruclion.  The  knife-edge  part  can  be 
calculated  by  Vogler's  method,  and  the  line  source  on  each  hill 
crest  can  be  treated  as  the  uransmitter  in  a  new  problem  of  the 
same  type  as  the  original  one.  If  a  cylinder  is  in  the  deep 
shadow  region  of  the  preceding  one,  then  the  residue  series  is 
used  instead  of  the  Wait  and  Conda  result,  in  which  case  the 
calculation  at  that  point  is  in  the  style  of  the  geometric  theory 
of  diffraction. 

5.7  Knife  Edges  with  Reflecting  Surfaces 

By  adding  image  theory  to  physical  optics,  methods  developed 
for  knife  edges  may  be  extended  to  solid  terrain.  The  idea  is  to 
bridge  over  adjacent  knife  edges  with  a  plane  reflecting  sur¬ 
face.  as  illustrated  in  Figure  17.  Huygens'  principle,  originally 
applied  to  the  aperture  (dotted  line)  above  each  knife  edge,  can 
now  be  applied  also  to  the  image  of  this  aperture.  In  this  way, 
much  of  the  theory  and  methods  developed  for  knife  edges  can 
be  applied  also  to  solid  terrain,  modelled  as  a  series  of  reflect¬ 
ing  planes.  For  each  reflecting  plane,  the  theory  already  devel¬ 
oped  for  a  flat  earth  applies.  That  is,  in  eqn.  (25),  the  free-space 
propagation  factor  is  replaced  by  the  expression  in  eqn.  (13)  to 
give,  for  one  step  between  A  and  B: 
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Figure  17,  Three  knife  edges  (N  =  3)  between  antennas 
A  and  B,  bridal  over  witti  reflectir^  surfaces 
representing  me  ground.  The  thin  lines  above 
the  ground  connect  one  of  many  sets  of 
integration  points  by  way  of  both  direct  and 
reflected  paths. 


dS^ 


(30) 


'That  is,  progressing  from  aperture  S|  to  aperture  S2  involves 
the  same  sort  of  integration  as  for  knife  edges,  except  now 
there  is  an  extra  term  (for  the  reflected  path)  to  integrate.  Using 
images  in  this  way  is  convenient,  because  it  avoids  integrating 
over  the  surface  itself,  although  it  is  less  accurate  than  the 
Leontovich  boundary  condition  if  the  surface  is  not  highly 
reflecting.  If  the  surfaces  are  considered  to  be  imperfectly 
reflecting,  a  varying  coefficient  of  reflection  is  involved,  and 
the  problem  must  'le  solved  by  numerical  integration  (Whit- 
teker,  1990). 


If  the  surfaces  are  perfectly  reflecting,  however,  image  theory  is 
exact,  and  the  analogy  between  knife  edges  and  bridged  knife 
edges  becomes  very  strong.  Then  the  knife-edge  methods  of 
Millington  el  al.  (1962)  and  of  Voglcr  (1982)  can  be  used. 

1  Ising  bridged  knife  edges  results  in  a  series  solution  of  the 
problem  (Whitteker,  1993)  that  is  no  more  difficult  to  compute 
than  the  multiple  knife  edge  problem  itself. 


5.8  Parabolic  Equations 

The  parabolic  equation  for  wave  propagation  is  a  simplification 
of  the  general  wave  equation  that  takes  advantage  of  the  fact 
that  the  wavelength  is  much  smaller  than  the  horizontal  dis¬ 
tance  between  changes  in  terrain  along  the  propagation  path.  In 
its  general  form,  it  can  be  used  to  calculate  the  progress  of  a 
wave  through  a  medium  of  varying  refractive  index,  and  is  the 
only  method  for  modelling  an  irregular  atmosphere  and  irregu¬ 
lar  terrain  at  the  same  time.  This  more  general  description  is 
left  to  the  lecture  on  refractive  effects.  Tfie  discussion  here  is 
limited  to  terrain  diffraction  calculations. 

The  wave  function  y  (the  waves  could  be  acoustic  or  electro¬ 
magnetic)  is  written  in  the  form  y  =  e~‘^^u  (x,y,  z)  ,  where* 
Ls  the  propagation  constant  and  the  propagation  is  predomi¬ 
nantly  in  the  X  direction.  Substitution  of  this  form  in  the  time- 
independent  wave  equation  y  +  *^y  =  0  leads  to 


UH 

u  -  2ik^  =  0  (31) 

dx 

The  approximation  that  is  now  made  is  to  neglect  3^  u/Bj?  in 
comparison  with  kdu/dx.  The  assumption  is  that,  apart  from 
the  e'**'  variation,  the  wave  does  not  change  much  in  distance 


l/i.  Implicit  in  this  approximation  is  the  neglect  of  backscatter 
(since  then  a  rapid  variation  would  be  present),  and  the 
assumption  that  the  wave  normal  makes  a  small  angle  with  the 
X  axis  (since  otherwise  the  wave  would  not  kxjk  locally  like 
e  '*' ).  For  two-dimensional  problems,  in  which  variations 
with  v  are  neglected,  this  leaves  us  with 


d~u  du 

-  2ik—  =  0 


dz~ 


dx 


(32) 


This  means  that  if  the  field  is  known  as  a  function  of  z  at  some 
X,  its  value  at  a  slightly  larger  value  of  x  can  be  found. 


'There  are  two  numerical  methods  of  doing  the  calculation.  One 
is  the  finite-difference  method  (Levy,  1990),  in  which  Bu/dx 
is  used  directly  to  find  the  next  value  of  u.  This  method  is  well 
suited  for  irregular  terrain,  since  a  surface  impedance  boundary 
condition  can  be  used  to  take  the  interaction  with  the  terrain 
into  account.  The  other  method  is  the  split-step  method  involv¬ 
ing  Fouriei  transforms,  which  is  computationally  faster,  but  for 
which  a  terrain  boundary  condition  is  straightforward  only  for 
horizontal  terrain.  McArthur  and  Bebbington  (1991 )  have 
accommodated  simple  irregular  terrain  by  tilting  coordinates  so 
that  the  ground  is  effectively  horizontal.  Barrios  (1993)  has 
experimented  with  other  boundary  conditions. 


5.9  Geometric  Theory  of  Diffraction 

A  recent  and  accessible  account  of  the  geometric  theory  of  dif¬ 
fraction  is  given  by  McNamara  e/  al.  (1990).  At  the  limit  of 
short  wavelengths,  radio  transmission  becomes  almost  optical. 
Diffraction  still  occurs,  but  it  can  be  considered  to  be  a  local 
phenomenon,  with  free-space  propagation  between  the  isolated 
small  regions  in  which  the  diffraction  takes  place.  The  wave 
starts  out  from  an  antenna  and  propagates  as  a  spherical  wave 
until  it  hits  an  obstacle.  This  could  be  a  hill  or  a  building  or 
possibly  the  edge  of  a  forest.  Since  diffraction  is  considered  to 
be  local,  only  the  shape  of  the  diffracting  extremity  of  the 
obstacle  matters.  Usually  obstacles  are  modelled  as  wedges, 
but  they  can  also  be  modelled  as  cylinders.  For  example,  .see 
Figure  18. 


Figure  16.  Diffraction  over  a  wedge  and  a  cylinder  according  to 
the  geometric  theory  of  diffraction.  The  summit  or 
each  obstacle  is  a  source  of  radiation  into  the 
geometric  shadow  of  (hat  obstacle. 


Beyond  the  obstacle,  the  wave  is  no  longer  spherical.  Assum¬ 
ing  the  diffraction  is  over  an  upper  extremity,  the  wave 
diverges  horizontally  in  the  same  way  as  before,  but  it  diverges 
vertically  with  wave  normals  or  rays  projecting  back  to  the  dif¬ 
fracting  edge.  That  is,  the  diffracting  edge  acts  as  a  line  source 
of  radiation.  In  calculations,  a  particular  ray  is  followed,  cho¬ 
sen  because  it  will  lead  to  the  edge  of  the  next  obstruction  or  to 
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the  receiving  antenna.  The  amplitude  of  the  diffracted  ray  at  the 
next  edge  is  found  from  the  solution  of  a  standard  (canonical) 
problem,  which  is  to  find  the  far  field  due  to  diffraction  of  a 
plane  wave  incident  on  a  wedge  or  a  cylinder.  Ihis  solution  is 
known  as  a  diffraction  coefficient,  and  since  it  has  already  been 
worked  out,  it  can  be  put  in  with  little  computation.  The  pro¬ 
cess  can  be  repeated  until  the  receiving  antenna  is  reached. 

The  method  has  proved  extremely  popular,  especially  for 
antenna  design.  It  has  also  been  used  for  terrain  diffraction  cal¬ 
culations.  It  has  the  limitation  that  when  several  diffracting 
edges  occur  along  a  straight  line  in  the  direction  of  propaga¬ 
tion,  roughly  within  a  Fresnel  zone,  the  assumptions  behind  the 
method  are  no  longer  valid.  The  Uniform  version  of  the  theory 
mitigates  this  problem,  but  does  not  eliminate  it  (McNamara  ct 
al.,  1990,  p.  174).  Roughly  speaking,  two  diffracting  edges 
close  to  the  straight  line  between  transmitting  and  receiving 
antennas  can  be  dealt  with,  but  not  more  (Rossi  and  Levy, 
1992).  In  general,  the  calculation  can  be  expected  to  be  accu¬ 
rate  when  the  first  Fresnel  zone  is  somewhat  smaller  than  the 
height  of  the  obstructions.  It  is  particularly  appropriate  when 
buildings  are  to  he  modelled,  since  they  are  geometrically  well 
defined  and  tend  to  cast  deep  shadows.  It  is  also  appropriate  for 
three-dimensional  calculations,  since  other  detailed  methods 
are  slow  in  3D. 

6.0  TREES  AND  BUILDINGS 
6.1  Trees 

Radio  waves  may  go  through  or  around  a  stand  of  trees,  as 
illustrated  in  Figure  19.  The  attenuation  in  trees  is  large,  so  that 
for  paths  of  more  than  a  few  hundred  metres,  paths  exterior  to 
the  trees  are  likely  to  dominate. 


A 


Rgure  19.  A  stand  of  trees  (the  rectangle)  with  antennas 
either  outside  or  inside  the  forest.  The  thin 
lines  Indicate  possible  wave  paths,  a  diffracted 
path  for  antennas  outside,  and  a  lateral-wave 
path  for  antennas  inside. 

If  both  t:rminals  A  and  B  are  outside  the  stand  of  trees,  unless 
the  stand  of  trees  is  very  narrow,  the  problem  is  one  if  diffrac¬ 
tion  over  the  trees.  Terminal  A  may  be  far  away,  in  which  case 
the  forest  is  just  part  of  a  larger  problem.  The  simplest  way  to 
e.stimate  the  path  loss  is  to  treat  the  stand  of  trees  as  if  it  were 
part  of  the  terrain.  If  the  terminals  are  inside  the  forest,  there 
are  two  possibilities;  1 .  If  the  terminals  are  very  close  together, 
the  signal  travels  directly,  with  exponential  attenuation.  2.  If 
the  terminals  are  farther  apart,  the  attenuation  is  too  great  for 
the  signal  to  arrive  directly,  but  it  may  go  from  A  to  the  tree- 
tops,  travel  along  the  treetops  as  a  lateral  wave,  then  re-enter 
the  forest  to  arrive  atB.  If  only  one  of  the  terminals  is  inside 
the  forest,  then  a  combination  of  attenuated  direct  waves,  lat¬ 
eral  waves,  and  diffraction  may  be  appropriate. 

Tamir  (1977)  has  worked  out  bow  to  calculate  the  Geld  of  the 
lateral  wave,  and  apply  it  to  mixed  situations.  The  forest  is 
modelled  as  a  smooth  homogeneous  slab  of  dielectric  sub¬ 


stance.  A  wave  propagating  inside  at  the  critical  angle  for  inter¬ 
nal  reflection  emerges  as  a  wave  propagating  hori/tmtally  just 
above  the  tree  lops.  This  is  a  diffracted  wave,  siimlar  to  the 
Norton  surface  wave,  mentioned  in  .Section  3.4,  which  attenu¬ 
ates  according  to  a  \/r*  power  law.  It  re-enters  by  a  reciprocal 
mechanism.  This  model  is  suitable  roughly  in  the  frequency 
range  2  to  200  MHz.  At  lower  frequencies,  the  height  of  the 
bees  is  small  compared  to  the  wavelength,  and  the  forest  acts 
only  as  a  perturbation  on  the  interaction  of  the  wave  with  the 
ground.  At  higher  frequencies,  the  forest  cannot  be  considered 
to  be  a  smooth  slab.  Propagation  still  takes  place  over  the  tree 
tops,  but  it  is  more  likely  to  be  by  means  of  scattering  between 
individual  trees  (Campbell  and  Wang,  1991 ). 

It  has  been  observed  by  Weissberger  (1982)  and  others  that 
when  both  antennas  are  in  a  forest,  the  received  power  varies  as 
exp  (-fid)  over  short  distances  d,  where  f)  is  a  decay  constant 
that  depends  on  frequency.  This  describes  the  attenuation  of 
radiation  through  a  lossy  medium  of  infitiite  extent,  or  through 
a  collection  of  randomly  located  discrete  lossy  scatlerers. 

However,  the  power  decreases  more  slowly  for  greater  dis¬ 
tances.  For  frequencies  less  than  200  MHz.  this  slower 
decrease  corresponds  to  the  lateral  wave  over  the  tree  tops.  For 
higher  frequencies,  a  similar  mechanism  must  operate,  that  is, 
over  the  greater  distance,  the  wave  is  free  to  seek  out  the  path 
or  paths  of  least  attenuation,  whatever  they  may  be.  Fmpirical 
methods  are  most  useful  in  this  situation,  as  outlined  in  part  B 
of  the  lecture. 

6.2  Buildings 

Since  buildings  can  be  considered  opaque  to  radio  waves,  the 
mechanisms  of  interest  are  reflection  from  outside  walls  and 
diffraction  over  roofs  and  around  the  outside  comers.  If  it  is 
assumed  that  buildings  are  evenly  spaced  and  of  uniform 
height,  a  theoretical  calculation  is  possible  using  physical 
optics,  as  mentioned  in  Section  5.4.  If  buildings  are  not  uni¬ 
form,  but  a  detailed  description  of  them  is  available,  a  deter¬ 
ministic  calculation  may  be  done  using  GTD  (Section  5.9).  or. 
with  much  longer  computing  times,  parabolic  equations  (Sec¬ 
tion  5.8).  Otherwise,  a  statistical  calculation  may  be  done,  as 
described  in  part  B  of  this  lecture, 

7.0  CONCLUSION 

Even  though  the  basic  principles  of  electromagnetic  radiation 
have  been  known  for  a  long  time,  and  even  though  the  shape 
and  electrical  properties  of  the  terrain  may  be  known,  no  sim¬ 
ple  recipe  can  be  given  for  finding  the  Geld  strength  in  any 
given  circumstance.  The  mathematical  methods  that  must  be 
used  are  usually  approximate,  and  there  is  usually  a  trade-off 
between  simplicity  and  accuracy  in  choosing  a  method.  Fur¬ 
thermore,  different  methods  are  successful  in  different  fre¬ 
quency  ranges.  This  is  because,  although  the  basic  equations 
are  the  same  for  all  frequencies,  the  approximations  that  are 
made  are  usually  appropriate  to  only  a  limited  range  of  fre¬ 
quencies.  As  a  result,  a  number  of  prediction  methods  must  be 
considered  for  use. 
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1.0  PLANNING  T(K)L.S 

In  choosing  ground-wave  or  dilTraction  propagaiion  tools  for 
planning  systems,  it  is  well  to  keep  in  mind  that  the  objects 
described  here  belong  tn  diflerent  categories  The  terminology 
that  follows  is  mostly  that  used  by  HulTord  ei  at.  ( l')82).  Most 
of  the  topics  in  Part  A  of  the  lecture  are  models  or  methods  for 
calculating  path  loss.  That  is.  you  chtxise  to  represent  the  ter 
rain  in  a  certain  simplified  way,  and  having  done  this,  you 
chtwse  a  theoretical  technique,  or  perhaps  a  set  of  measure¬ 
ments,  some  approximaiiuiis  or  generalizations,  and  arrive  at  a 
more  or  less  complete  recipe  for  doing  a  calculation. 

An  implementation  is  how  you  actually  perform  the  calcula¬ 
tion.  The  simpler  methods  can  be  implemented  by  nomograms, 
or  graphs,  ttr  could  be  done  on  a  hand-held  calculator.  Ihe 
more  complex  ones  require  a  computer  prt'gram.  which 
becomes  the  implementation.  If  the  method  has  been  set  out  iti 
complete  detail,  then  all  implementations  of  it  will  give 
approximately  the  same  answer.  If  (as  is  more  common)  some 
issues  have  been  left  unresolved,  then  the  answers  given  by  the 
implementation  will  depend  on  the  details  of  how  the  imple¬ 
mentation  is  done.  For  example,  methods  that  model  terrain  as 
knife  edges  or  other  special  shapes  do  not  usually  specify 
exactly  how  these  shapes  are  to  be  identified  in  real  terrain 

Finally,  a  computer  implementation  will  usually  be  conlainctl 
within  some  applications  piogram.  In  some  ca.ses,  the  applica 
tions  program  will  not  add  much  to  the  implementation  of  the 
method,  perhaps  accepting  input  data  and  outputting  a  list  of 
resuILs.  In  other  cases,  the  applications  program  may  be  more 
elaborate,  with  graphical  input  and  output,  and  perhaps  special 
ized  tools  for  planning  communications  or  broadcast  systems. 
It  is  possible  fur  an  applications  program  to  have  a  suphi.sti- 
cated  user  interface,  but  use  only  primitive  propagation  meth¬ 
ods. 
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Figure  1 .  An  hierarchy  of  radio-propagation  planning  tools. 

2.0  COMPARISONS 

There  is  no  ‘best"  method.  Comparisons  have  been  intide  by 
Paunovic  el  at.  (1984),  Delislc  et  at.  ( 198.1).  Aurand  and  Post 
(198.1).  Grosskopf  ( 1987,1988).  and  IFlili  Vehicular  Technol¬ 


ogy  1 1988).  These  comparisons  are  certainly  useful,  but  il  must 
be  remembered  that  they  are  all  done  with  a  particular  fre 
quency  range  or  service  in  mind  There  is  also  the  qiiestioii  of 
what  is  wanted.  If  you  want  to  plan  communications  on  a  par 
titular  path,  and  you  have  a  detailed  know  ledge  of  the  terrain 
on  that  path,  then  a  detailed,  complex  methixl  will  probably 
produce  the  best  result.  If.  on  the  other  hand,  yon  w  ant  to  plan  a 
system  in  general,  not  kiKiwing  where  in  particular  it  will  Isc  set 
up  (a  common  military  requirement!,  then  a  [retliction  program 
that  operates  on  the  general  features  of  the  terrain  would  be 
more  suitable,  lamgley  and  Rice  (1968)  and  llufford  el  a! 

( 1982)  refer  to  these  as  area'  predictions. 

Methods  may  be  empirical  or  theoretical,  or  a  mixture.  Fhe 
advantage  of  empirical  inethixls  is  that  all  sources  of  attenua¬ 
tion  arc  automatically  taken  in  to  account.  siiKC  the  predictions 
are  based  on  measurements.  Iheir  disadvantage  is  that  they  are 
strictly  valid  only  in  Ihe  particular  environineni  in  which  the 
measurements  were  made,  l  or  example,  measurements  made 
in  one  urban  mmeni  do  not  provide  much  indication  of 
what  Ihe  at'  us  will  be  in  another  environment  where  the 
buildings  n  c  taller  and  more  widely  spaced,  say.  Theoreti¬ 
cal  inethixls.  on  the  other  hand,  have  the  advantage  thri  they  do 
predict  the  dependence  on  these  parameters,  within  so.nc 
range  Their  disadvantage  is  that  they  may  be  an  oversimplifi¬ 
cation  of  the  real  world,  and  everything  may  not  be  taken  into 
account.  In  practice,  of  course,  the  results  of  theoretical  mixlels 
arc  checked  against  data,  to  verify  that  they  arc  realistic. 

T'hc  greater  part  of  this  lecture  is  devoted  to  diffraction  at  VHF 
and  higher  frequencies  rather  than  groundwavc  at  III-  and 
lower  frequencies.  Discussion  of  groundwave  is  confined 
mostly  to  Sections  .f .  1  and  6. 1 . 

3.0  SIMPLE  METHODS 

3.1  Basic  transmission  loss 

Particularly  at  VHF  and  above,  the  effect  of  the  ground  and 
other  obstacles  along  the  propagation  path  may  usually  be  con¬ 
sidered  separately  from  the  effect  of  the  antennas.  This  means 
that  the  received  power  P,  in  ticcibels  can  be  found  from  the 
transmitted  power  /*,  (in  decibels)  for  any  antennas  from 

Pr=  (1) 

where  (7,  anti  (7,  are  the  antenna  gains  relative  to  an  isotropic 
antenna,  and  1.^^  is  the  basic  U-ansmi.ssion  loss  for  Ihe  path.  For 
example,  if  effective  radiated  power  from  a  properly-oriented 
half-wave  dipole  is  given,  then  (7,  =  2.15  dB. 

Sometimes,  instead  of  the  basic  path  loss,  the  electric  field 
intensity  resulting  from  an  antenna  radiating  one  kilowatt  is 
given.  If  the  field  A'  is  expressed  in  micnjvolls/metre  and  fre- 
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quency/in  megahertz,  the  relation  between  these  quantities  is 
given  by 

=  137.22  +201og/-201og£'  (2) 

if  the  one  kilowatt  comes  from  an  isotropic  antenna,  and 

=  139.37 +  201og/'-201og/i  (3) 

if  it  comes  from  a  half-wave  dipole,  a.s  is  assumed,  for  exam¬ 
ple,  in  two  ITU  { 1955,  1959)  atlases.  Equation  (2)  is  the  loga¬ 
rithmic  version  of  eqn.  (2)  of  Fart  A.  'lliese  are  the  forms  of  the 
equation  appropriate  for  VHP  and  above,  and  for  elevated 
antennas  at  any  frequency,  where  the  concept  of  basic  transmis¬ 
sion  loss  is  fairly  straightforward 

At  lower  frequencies,  antennas  are  often  within  a  ..avelength 
of  the  ground,  and  the  antennas  and  the  path  cannot  he  so  easily 
separated,  since  both  the  antenna  impedance  and  pattern  are 
influenced  by  the  ground.  The  change  in  antenna  impedance 
affects  the  power  emitted  for  a  given  antenna  current  or  dipole 
moment,  and  also  affects  the  effective  capture  area  of  a  receiv¬ 
ing  antenna.  For  example,  for  the  vertically  polarized  transmit¬ 
ting  dipole  moment  assumed  by  the  program  GRWAVE 
(described  later),  500  watts  are  emitted  in  free  space,  and  1000 
watts  on  a  perfectly  conducting  ground  plane.  CCIR  Recom¬ 
mendation  386-7  ( 1992)  gives  curves  calculated  with 
GRWAVE  for  both  antennas  on  the  ground.  For  those  curves, 
the  relationship  between  the  field  on  the  ground  and  is 

Lfj  =  142.0 -t- 201og/- 201og£  (4) 

for  one  kilowatt  emitted  by  a  short  monopole  (much  shorter 
than  a  wavelength)  on  the  ground.  The  constant  142.0  may  be 
obtained  from  equation  (2)  by  adding  1.76  dB  (factor  of  1.5), 
the  gain  of  the  short  monopole  assumed  in  the  calculations,  and 
adding  also  3.01  dB  (factor  of  2),  due  to  the  factor  of  two  in  the 
effective  capture  area  of  the  receiving  antenna  which  is  on  the 
ground  rather  than  in  free  space.  With  the  effect  of  the  ground 
already  accounted  for,  the  gains  to  be  used  in  eqn.  (1)  are  the 
free-space  gains  of  the  antennas,  e.g.  1.76  dB  for  a  short 
antenna  or  2.15  dB  for  a  half-wave  dipole. 

3.2  Free  space 

The  simplest  possible  prediction  is  for  free-space  attenuation. 

In  any  case,  a  component  of  the  basic  transmission  loss  is  the 
free-space  attenuation  Lf^,,  which  is  the  loss  that  would  occur 
in  the  absence  of  the  earth  or  any  other  obstacles,  and  may  be 
calculated  as 

L^f  =  32.4  +  201og/-t-  201og<f  <5) 

where  is  expressed  in  decibels,  frequency  /  in  megahertz 
and  distance  d  in  kilometres.  This  is  the  logarithmic  version  of 
eqn.  (1)  of  Part  A. 

In  many  implementations,  free  space  is  one  of  the  models  used, 
and  the  criterion  for  its  use  is  whether  the  first  Fresnel  zone,  or 
some  fraction  of  it,  is  clear  of  all  obstacles.  On  the  other  hand, 
if  the  first  Fresnel  zone  is  completely  blocked,  significant  atten¬ 
uation  can  be  expected.  The  radius  of  the  first  Fresnel  zone  is 
easily  calculated  using  eqn  (24)  of  Part  A.  However,  an  idea  of 
the  heights  involved  may  be  obtained  from  Figure  2.  It  may  be 
seen  that  at  the  lowest  frequencies,  the  Fresnel  zone  is  so  large 
that  height  variations  in  the  terrain  scarcely  matter,  while  at  the 
highest  frequencies,  they  are  so  important  that  an  unknown 


small  hill  or  grove  of  Uees  or  buildings  can  make  a  field- 
strength  prediction  wildly  wrong. 


Figure  2.  The  radius  of  the  first  Fresnel  zone  at  the  mid 
point  of  a  path  of  given  length. 


3.3  Plane  earth 

The  next  simplest  method  is  the  plane-earth,  perfcct-refiection 
approximation.  The  logarithmic  version  of  eqn.  (15)  of  Part  A 
is 

f,g  =  120-h401ogd-201og(/i^hg)  (6) 

This  is  the  plane-earth  loss,  neglecting  the  surface  wave, 
assuming  a  reflection  coefficient  of  -1 ,  and  assuming  the  path 
is  long  enough  that  the  phase  difference  between  the  direct  and 
reflected  waves  is  small  compared  to  unity.  (The  constant 
120  dB  is  due  to  expressing  d  in  kilometres  rather  than  metres. 
Heights  and  h/)  are  still  expressed  in  metres.)  According  to 
Bullington  (1977).  the  surface  wave  may  be  taken  into  account 
approximately  by  replacing  the  antenna  height  by  the  larger  of 
the  actual  height  and  the  minimum  effective  antenna  height. 
Equation  (6)  has  been  used  as  the  basis  of  several  semi-empiri¬ 
cal  prediction  methods,  since  it  has  been  found  from  measure¬ 
ments  that  signal  power  lends  to  decrease  roughly  as  1  /cf* 
under  a  variety  of  conditions,  even  though  there  may  be  a  lot  of 
scatter  in  the  measured  values. 

3.4  Calculations  based  on  plane  earth 

A  formula  used  widely  in  the  past  is  due  to  Egli  (1957),  who 
adopted  eqn.  (6),  but  added  a  term  20log  (//40)  to  account  for 
an  empirically-observed  increase  in  path  loss  with  frequency 
above  40  MHz.  There  is  another  modification:  when  one 
antenna  say  hg,  is  less  than  10  m  above  ground,  the  variation 
with  height  is  lOlogh^  rather  than  20log hg.  (Delisle  et  al. 
(1985)  give  an  explicit  formula.)  The  measurements  on  which 
the  formula  is  based  were  mostly  commercial  television  and 
land-mobile  surveys  in  various  parts  of  the  II.S.,  with  no  partic¬ 
ular  characterization  of  the  terrain  except  that  in  one  area  the 
amplitude  of  terrain  elevation  variation  was  about  ISO  m.  This 
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Figure  3.  Plane  earth  with  a  single  knife  edge. 

formula  does  have  the  virtue  of  being  simple,  and  it  might  still 
be  useful  if  nothing  is  known  about  the  terrain,  but  the  predic¬ 
tion  would  have  to  be  considered  a  very  rough  one. 

More  recently,  Ibrahim  and  Parsons  (1983)  devised  a  semi- 
empirical  formula  related  to  eqn.  (6),  based  on  land-mobile 
measurements  made  in  London,  and  tested  on  measurements 
made  in  Birmingham.  The  model  relates  ifically  to  built-up 
areas  on  flat  ground,  with  distances  up  l:>  km.  They  also 
devised  an  entirely  empirical  model,  uiu  found  that  the 
decrease  with  distance  was  roughly  401ogd,  depending  on  fre¬ 
quency.  The  semi-empirical  formula  forces  the  dependence  on 
distance  to  be  exactly  lOiogrf; 

/.^  =  140  +  401ogd-201og(h^hg)  +  ^  f  0.18/.  -  0.34M7) 

where  L  is  a  land-usage  factor,  defined  as  the  percentage  of  the 
.SOO-metre-square  test  area  around  the  mobile  terminal  that  is 
covered  by  buildings,  and  H  is  the  average  terrain  height  in 
metres  of  the  test  area  above  that  of  the  area  containing  the 
transmitter.  There  is  also  a  term  that  applies  only  to  the  highly 
urbanized  city  centre,  omitted  here.  This  formula  is  also  very 
simple,  and  is  likely  to  be  useful  for  short  land-mobile  paths  in 
built-up  areas  if  the  parameters  can  be  evaluated. 

3.5  Single  knife  edge 

If  the  terrain  contains  one  narrow  obstacle,  it  may  be  modelled 
as  a  single  knife  edge,  and  the  resulting  path  loss  may  be  found 
with  a  simple  calculation,  requiring  only  a  table  or  approximate 
formula  for  the  Fresnel  integral.  It  is  also  fairly  easy  to  take 
plane-earth  reflections  into  account  by  doing  the  knife-edge 
calculation  with  images  of  the  antennas,  and  adding  in  the 
reflected  fields,  remembering  to  keep  track  of  the  phases.  The 
situation  is  illustrated  in  Figure  3.  The  Geld  at  B  is  the  sum  of 
the  fields  found  for  the  paths  AB,  A'B,  AS',  and  A'B' .  In  find¬ 
ing  the  fields  due  to  reflected  paths,  the  appropriate  reflection 
coefficients  should  be  included.  Meeks  (1982)  explores  this 
model,  as  well  as  several  others. 

Unfortunately,  real  terrain  does  not  often  look  like  this,  if  the 
ground  where  the  reflections  would  take  place  is  very  rough,  or 
very  non-level,  the  reflected  paths  should  be  ignored.  (Reflec¬ 
tions  from  rough  surfaces  are  covered  in  the  lecture  on  refrac¬ 
tive  effects.)  If  the  obstructions  are  more  complex,  Bullington 


(1977)  has  suggested  a  melhixl  of  reducing  them  to  an  equiva 
lent  knife  edge  as  illustrated  in  Figure  4. 


Figure  4.  A  complex  obstacle  (the  irregular  cunre)  and  a 
Bullington  equivalent  knife  edge  (the  thick 
vertical  line). 

While  this  construction  permits  a  simple  calculation,  the  result¬ 
ing  estimate  of  path  loss  must  be  considered  a  rough  one. 

3.6  Graphical  implementations 

ibe  International  Telecommunication  Union  (I  TU)  has  pub¬ 
lished  curves  of  field  strength  as  a  function  of  distance.  For  fre¬ 
quencies  from  10  kHz  to  30  MHz,  CC'IR  Recommendation 
386-7  (1992)  gives  these  curves  for  vertically  polarized  anten¬ 
nas  located  on  or  close  to  the  ground  (the  height  limit  is  given 
in  Note  1  of  the  Recommendation).  The  curves  are  theoretical, 
assuming  a  smooth  earth  and  an  exponential  atmosphere.  They 
were  generated  with  program  GRWAS’IL  described  in  section 
6.1. 

For  the  frequency  ranges  30  MHz  to  300  MHz  and  .30  MHz  to 
10  GHz  respectively,  the  ITU  ( 1955.  19.59)  has  published 
atlases  giving  propagation  curves  for  antennas  at  various 
heights  transmitting  over  a  spherical  earth  with  various  electri¬ 
cal  constants.  An  example  is  shown  in  Figure  5.  Note  that  in 
these  older  publications,  units  of  conductivity  are  such  that 
10“"  corresponds  to  1  S/m.  Also,  the  electrical  con'^inLs  used 
do  not  correspond  exactly  to  more  recent  soil-type  caugories. 
This  is  unimportant,  since  the  categories  arc  rough  ones  in  any 
case.  For  the  frequency  range  30  MHz  to  1  GHz,  CCIR  Report 
567-4  (1990)  gives  curves  for  the  terrestrial  land-mobile  ser¬ 
vice.  and  CCIR  Recommendation  370-5  ( 1990)  gives  curves 
for  the  broadcasting  service.  The  difference  between  the  two  is 
in  the  assumed  height  of  the  receiving  antenna,  1.5  or  3  m  in 
one  case  and  10  m  in  the  other.  The  curves  for  broadcasting  are 
much  more  numerous.  In  contrast  to  the  curves  for  the  lower 
frequencies,  these  curves  are  empirically  based.  A  rough 
description  of  many  of  them  is  that,  out  to  a  distance  of  about 
50  km,  the  received  power  decreases  with  distance  as  1/d^. 
while  beyond  about  200  km  it  decreases  exponentially.  There  is 
a  smooth  transition  at  intermediate  distances.  At  the  time  of 
writing,  work  is  in  progress  on  a  new  ITU  Recommendation  to 
provide  an  empirically-based  prediction  method  in  the  fre¬ 
quency  range  1  to  3  GHz. 

CCIR  Report  239-7  (1990)  suggests  a  “terrain  clearance  angle" 
correction  to  the  curves  of  Recommendation  370.  The  correc¬ 
tion  is  determined  graphically  from  the  angle  subtended  at  the 
lower  antenna  by  the  horizontal  and  a  line  that  clears  all  terrain 
within  16  km.  Paunovitf  et  at.  ( 1984)  recommend  this  “tetiain 
clearance  angle”  method  from  among  the  six  methods  that  they 
tested  for  the  land-mobile  service. 

A  large  manual  by  Shibuya  (1987)  contains  many  graphs  for 
determining  propagation  parameters. 
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Figure  5.  Field  strength  over  a  smooth  earth  with  electrical  constants  e  =  10  and  a  =  0.01  S/m  (medium  dry  ground)  for  1  kW 
at  300  MHz  emitted  from  a  horizontal  half-wave  dipole  at  a  h^ght  of  100  m.  The  solid  curves  include  both  diffraction  and 
tropospheric  scatter,  while  the  dot-chain  curves  are  for  diffraction  only.  The  broken  line  is  for  free  space.  Adapted  from 
ITU  (1955). 


4.0  EMPIRICAL  METHODS 
4.1  Okumura 

Okumura  et  al.  (1968)  report  on  and  analyze  exhaustively  an 
extensive  set  of  measurements  made  in  Japan  at  frequencies 
ranging  from  200  MHz  to  1920  MHz.  The  results  are  classified 
in  various  ways,  and  curves  are  presented  for  prediction  pur¬ 
poses.  intended  for  use  in  the  land-mobile  service.  Measure¬ 
ments  were  included  with  the  ba-se-station  height  varying  from 
30  tu  about  1000  m,  and  with  mobile  heights  usually  at  .3  m  but 
.sometimes  at  1 .5  m.  and  (from  other  measurements)  up  to 
10  m.  Wave  polarization  was  vertical.  Path  lengths  varied  from 
I  to  100  km.  Measurements  were  made  in  the  plains  in  and 
around  Tokyo,  and  in  hilly  and  mountainous  areas  to  the  west. 

For  analysis,  the  data  were  divided  into  intervals  of  1  to  1 .5  km 
in  extent  that  could  he  classified  as  being  urban,  open  etc.,  and 
these  intervals  were  in  turn  divided  into  small  sectors  of  about 
20  m  over  which  multipath  fading  could  be  assumed  to  be  the 
dominant  source  of  variation.  Distributions  of  instantaneous 
signal  strength  were  found  in  the  small  (20m)  sectors  (Ray¬ 
leigh  in  urban  areas,  but  tending  to  log-normal  in  suburban 
areas),  and  the  small-sector  medians  were  found.  The  distribu¬ 
tion  of  these  small-sector  medians  was  found  for  the  larger 
intervals,  and  the  medians  of  th^se  latter  distributions  were 
used  for  the  signal-level  prediction  curves. 

'The  prediction  curves  were  based  on  the  urban  data,  with  cor¬ 
rections  for  suburban  and  open  areas.  The  reason  for  not  using 
suburban  areas  as  the  basis  was  that  they  had  a  broad  definition 
(villages,  or  highways  scattered  with  trees  or  buildings),  and  so 
the  variability  was  large,  and  the  reason  for  not  using  open 
areas  was  that  with  their  narrow  definition  (open  fields  clear  of 
all  trees  or  buildings  within  3(X)  or  400  m  towards  the  base  sta¬ 
tion),  there  were  not  very  many  of  them  in  Japan. 

Of  the  many  results  presented,  two  follow;  (1)  In  an  urban  area, 
with  a  base  station  height  of  140  m,  the  field  attenuation  rela¬ 
tive  to  the  fiee-space  loss  variation  of  1/r^,  decreases  as 
1  /  r®'*  up  to  about  1.5  km,  and  as  1  /r^'^  beyond  40  km  (Figure 


1 1  of  Okumura  et  al  ).  (2)  For  the  same  base  station,  when  an 
urban  street  is  in  me  line  with  the  pnipagaiion  path,  the  signal 
exceeds  mat  for  a  perpendicular  street  by  6  to  lOdB 

The  base  predictions  are  for  'quasi-smooth'  terrain,  that  is.  the 
terrain  is  level  within  20  vertical  metres.  However,  corrections 
are  given  for  undulating  terrain,  and  a  finer  correction  depend¬ 
ing  on  whether  the  mobile  antenna  is  near  the  top  or  bottom  of 
an  undulation.  Slope  correction.s  arc  also  given,  as  are  correc¬ 
tions  for  an  isolated  mountain  and  for  mixed  land-water  paths. 
Okumura  et  al.  define  a  terrain  roughness  parameter  Ah  as  the 
interdecile  height  range  within  10  km  of  the  mobile  tenninal  in 
the  direction  of  the  ba.se  station.  (The  parameter  Ah  is  defined 
as  the  height  range  such  that  10-IF  of  the  terrain  is  above  the 
range  and  10%  below.)  They  define  an  effective  antenna  height 
relative  to  average  ground  within  3  to  15  km.  Cumulative  dis¬ 
tributions  and  prediction  curves  arc  also  given  for  location  vari 
ation,  for  both  small-.sector  medians  and  instantaneous 
variations.  The  method  of  Okumura  et  al.  is  recommended  for 
land-mobile  use  by  Lee  (1982,  Section  3.6). 

Since  the  predictions  of  Okumura  el  al.  ( 1968)  are  contained  in 
many  graphs,  they  are  not  easy  to  implement  in  a  computer 
program.  Therefore  Hata  (1980)  combined  many  of  these 
results  into  a  few  equations  that  are  very  easy  to  program.  At 
least  one  comparison  of  methods  (Delisle  el  al.,  1985)  has  rec¬ 
ommended  their  use.  It  should  be  nevertheless  understood  that 
they  do  not  capture  the  full  diversity  of  the  Okumura  et  al. 
results.  There  are  stated  limits  to  their  applicability;  in  particu¬ 
lar  they  are  restricted  to  quasi-smooth  terrain.  On  the  other 
hand.  Low  (1986)  compared  the  predictions  of  the  Hata  equa¬ 
tions  with  the  results  of  measurements  made  at  450  and 
900  MHz  around  Darmstadt,  and  found  that  the  equations 
could  be  applied  beyond  their  stated  limits,  to  a  distance  of 
40  km,  and  to  a  ba%-station  height  of  800  m. 

4.2  Neural  networks 

Neural  networks,  applied  to  radio  propagation,  are  a  way  of 
basing  predictions  on  measured  data.  Ordinarily,  to  use  mea- 
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sured  data,  a  human  fits  curves  to  the  data  as  functions  of  cer¬ 
tain  parameters,  guided  by  a  general  knowledge  of  the  way 
radio  waves  propagate.  There  are  many  parameters  to  consider, 
such  as  path  length,  antenna  heights,  frequency,  and  tree  or 
building  density  and  height  along  the  path.  There  is  also  the  ter¬ 
rain  elevation,  with  as  many  variables  as  there  are  terrain  sam¬ 
ple  points  along  the  path.  Usually  these  parameters  must  be 
considered  in  some  siinplitied  way.  Ihe  use  of  neural  networks 
is  an  attempt  to  automate  this  process. 

A  neural  network  defines  an  output  (the  path  loss  in  excess  of 
the  free-space  loss,  say)  as  a  function  of  a  number  of  parame¬ 
ters.  'Ihe  furtction  is  initially  unknown,  but  the  network  can 
‘learn’  what  the  function  is  by  being  given  many  examples  in 
which  the  desired  output  is  known.  Ihe  network  assigns  and 
modifies  relationships  and  weights  to  the  input  parameters  as  it 
learns.  Eventually,  it  should  be  able  to  make  predictions  on  its 
own,  without  being  given  the  an,swer. 

Neural  nets  can  be  designed  in  many  ways,  and  the  success  of  a 
net  for  a  given  applicatic>n  depends  on  the  skill  of  the  designer. 
Stocker  et  al.  ( 1993)  have  done  trials  for  the  cities  of  Man¬ 
nheim  and  Darmstadt,  and  the  neural  net  seems  to  be  able  to 
provide  reasonable  estimates  of  path  loss  for  the  same  area  on 
which  it  was  trained.  The  technique  is  a  new  one,  and  it  is  diffi¬ 
cult  to  say  what  its  future  value  will  be. 

5.0  SEMI-EMPIRICAL  METHODS 

5.1  Longiey-Rice  (Longley  and  Rice,  1968) 

The  Longley-Rice  model  has  been,  and  still  is,  used  very 
widely.  It  is  a  computer  code  for  predicting  long-term  median 
transmission  loss  over  irregular  terrain  for  frequencies  above 
20  MHz.  It  incorporates  many  of  the  methods  given  in  Tech. 
Note  101  (Rice  el  al.,  1967).  Section  2.2  of  Longley  and  Rice 
(1968)  states  that  ‘Transmission  loss  may  be  calculated  for  spe¬ 
cific  paths  where  detailed  profiles  ate  available,  but  the  predic¬ 
tion  method  is  particularly  useful  when  little  is  known  of  the 
details  of  terrain  for  actual  paths.’  The  authors  have  accumu¬ 
lated  statistics  on  various  types  of  terrain,  so  that  the  program 
can  estimate  median  values  of  such  quantities  as  horizon  dis¬ 
tances  and  elevation  angles  when  only  antenna  heights  and  the 
intcrdecile  range  Ah  of  terrain  elevations  are  given.  For  a 
given  type  of  terrain.  Ah  increases  with  path  length  to  an 
asymptotic  value. 

The  diffraction  loss  is  found  in  the  following  way:  If  the  trans¬ 
mitting  and  receiving  antennas  are  within  the  radio  line  of 
sight,  two-ray  optics  are  used,  that  is,  a  direct  ray  and  a 
reflected  ray.  Effective  antenna  heights  are  used,  relative  to 
mean  ground  in  the  dominant  reflecting  plane  between  the 
antennas.  In  order  to  obtain  a  smooth  curve  as  a  function  of  dis¬ 
tance,  the  attenuation  is  found  al  three  points,  two  in  the  optical 
region,  and  one  at  the  smooth-earth  horizon,  using  diffraction 
techniques,  and  a  smooth  curve  is  drawn  through  these  three 
points.  If  the  antennas  are  in  the  diffraction  region,  two  calcula¬ 
tions  are  done,  one  assuming  a  smooth  earth,  and  the  other 
assuming  a  knife  edge,  and  a  weighted  mean  is  taken.  The 
weighting  factors  are  determined  empirically  as  a  function  of 
frequency  and  terrain  parameters.  Effective  antenna  heights  are 
found  relative  to  a  smooth  curve  fltted  to  terrain  visible  to  both 
antennas.  If  this  is  not  possible,  Ihe  effa;tive  height  depends  on 
local  terrain.  Hnally,  for  long  enough  paths,  tropospheric  scat¬ 
ter  is  taken  into  account.  An  important  ouqiut  of  the  program  is 
location  variability,  which  is  determined  empirically,  and 


which  depends  mainly  on  frequency  and  terrain  roughness 
Time  variability  is  also  given,  again  based  on  measured  data. 

As  with  any  method  that  must  make  model  choices,  there  are 
sometimes  discontinuities  as  path  parameters  are  varied.  Ihe 
IEEE  report  (1988)  shows  the  effect  of  gradually  raising  the 
height  of  a  knife-edge  obstacle  at  900  MHz.  The  disconlinuiues 
range  from  3  to  17  dB.  Discontinuities  as  a  function  of  dis¬ 
tance  are  less  common. 

5.2  Terrain  Integrated  Rough  Earth  Model  (TIREM) 

TTREM  is  also  widely  used.  The  program  is  available  as  part  of 
a  package  distributed  by  NTIS  (1983).  It  is  described  in  a  hand¬ 
book  by  Eppink  and  Kuebler  (1994),  and  in  the  IEEE  report 
( 1988).  It  takes  into  account  atmospheric  and  ground  constants, 
and  requires  a  terrain  profile.  Using  the  terrain  profile,  the  pro¬ 
gram  decides  on  the  type  of  path,  and  selects  one  of  12  propa¬ 
gation  modes.  It  does  this  by  first  determining  some  basic 
parameters,  such  as  radio  horizon  distances,  effective  antenna 
heights,  path  angular  distances,  and  Fresnel-zone  clearance. 
The  modes  include  free  space,  line-of-sight  rough  earth,  rough 
earth,  knife-edge  diffraction,  uopospheric  .scatter,  and  various 
weighted  combinations  of  Ihe  modes  already  mentioned. 

A  path  is  classified  as  Une-of-sight  cr  beyond-line-of-sight  on 
the  basis  of  radio  horizon  distances.  For  a  line-of-sight  path,  if 
the  terrain  clearance  of  the  path  is  greater  than  1 .511  ^ .  where  Hf 
is  the  radius  of  the  first  Fresnel  zone,  the  free-space  loss  is 
used.  If  the  clearance  is  less  than  0.5/?| .  one  of  two  empirical 
rough-earth  formulations  is  used,  based  on  the  inlerdecile 
height  range  Ah.  These  formulations,  and  the  choice  between 
them,  are  described  in  the  IEEE  report  (1988).  In  between,  a 
weighted  combination  of  free-space  and  niugh-earlh  is  used. 
For  a  beyond  line-of-sight  path,  if  the  two  antennas  have  a 
common  radio  horizon,  the  obstacle  is  heated  as  a  single  knife 
edge,  with  ground  reflections  on  either  side.  If  the  radio  hori¬ 
zons  are  distinct  but  close,  a  Bullington  equivalent  knife  edge 
is  used.  If  they  are  far  apart,  smixith-earth  diffraction  theory  is 
used.  In  between,  a  weighted  combination  is  used, 

The  IEEE  report  (1988)  remarks  that  the  propagation  data  on 
which  one  of  the  rough-earth  models  is  based  were  obtained 
almost  entirely  on  point-to-point  communication  links,  with 
few  instances  of  vehicle-height  antennas.  When  the  mode)  is 
used  in  land-mobile  situations,  where  one  antenna  is  much 
lower  than  the  other,  theie  is  a  region  (line-of-sight,  clearatKe 
less  than  O.Sffj ).  in  which  the  predicted  path  loss  does  not 
change  with  changing  base-station  height.  The  predicted  loss  is 
ai.so  sensitive  to  the  method  used  for  finding  the  effective 
height  of  the  mobile  antenna.  As  with  any  program  that  makes 
model  choices,  discontinuities  are  possible,  and  the  IEEE 
report  found  discontinuities  up  to  12  dB  as  a  function  of  dis¬ 
tance. 

5.3  Lincoln  Laboratories 

Ayasli  ( 1986)  has  reported  on  a  program  called  SEKE,  for  VHF 
and  above,  intended  for  radar  plications.  Also,  some  of  the 
difficulties  in  modelling  real  terrain  are  outlined  in  this  paper. 
ITiree  models  are  used:  multipath  (free  space  plus  reflections), 
multiple  knife  edge  diffraction,  and  spherical  earth  diffraction. 
The  multipath  model  is  used  if  the  first  Fresnel  zone  is  unob¬ 
structed  and  one  or  both  of  the  diffraction  models  is  used  if  an 
obstruction  covers  more  than  half  of  the  first  Fresnel-zone 
radius.  Otherwise  a  weighted  average  is  taken.  The  choice  of 
difffaction  model  is  determined  by  how  high  the  dominant 
obstruction  is  above  a  line  fitted  to  the  terrain  profile.  If  it  is 
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more  than  one  half  a  Fresnel-zone  radius,  knife-edge  diffrac¬ 
tion  is  used;  otherwise  spherical  earth  or  a  weighted  average  is 
used.  In  the  multipath  model,  either  single  or  multiple  reflec¬ 
tions  may  be  cho.scn.  For  knife-edge  diffraction,  Ifeygoui’s 
( 1966)  method  is  u,sed  for  a  maximum  of  three  knife  edges, 
with  a  modilication  due  to  Meeks  ( 1983).  Meeks  also  reports 
on  measurements  of  field  strength  as  a  function  of  height  made 
by  helicopter. 

5,4  Blomquist  and  Ladell  (1974) 

This  method  is  based  on  two  extreme  models,  and  a  bridging 
formula  for  combining  them.  The  first  model  is  a  smooth  spher¬ 
ical  earth.  Ihe  formula  they  use  for  this  is  a  fairly  simple  one.  It 
begins  with  a  flat-earth  formula  that  includes  the  surface  wave 
but  neglects  the  conductivity  of  the  ground  (so  that  it  -s  inap¬ 
propriate  over  seawater).  Ihen  a  correction  is  added  that  takes 
the  curvature  of  the  earth  into  account  up  to  the  distance  at 
which  the  first  term  of  the  residue  series  becomes  valid.  The 
result  is  a  smooth-earth  propagation  factor  F^.  (Ihc  propaga¬ 
tion  factor  is  defined  as  the  path  loss  in  exct.  'f  the  free-space 
loss,  in  decibels.)  "Ihe  second  model  is  a  series  of  knife  edges 
that  represent  the  terrain  obstacles,  neglecting  any  ground 
reflections.  The  Epstein-Peterson  (19.63)  method  is  used  to 
combine  the  path-loss  functions  for  several  knife  edges.  I ’le 
result  is  a  knife-edge  propagation  factor  The  final  result 
is  a  propagation  factor 

The  rationale  for  doing  this  is  that  at  low  frequencies,  the 
smooth-earth  loss  will  be  large  and  the  knife-edge  loss  small, 
and  at  high  frequencies,  at  least  if  .iie  range  is  not  great,  the 
ITesnel  ellip.soid  will  clear  the  smooth  earth,  leaving  the  knife- 
edge  loss  to  dominate.  Apart  from  this,  there  is  not  much  theo¬ 
retical  justification  for  the  procedure.  Nevertheless,  in  a  com¬ 
parison  of  prediction  methods  for  VflF  broadcast  at  93.8  Mllz. 
,irosskopf  ( 1987)  found  this  method  to  be  the  most  accurate  of 
the  eleven  he  tested. 

6.0  IMPI.EMENTATIONS  OF  THEORETICAL 
METHODS 

6.1  Ground  wave  calculation.s 

A  summar)  of  groundwave  prediction  models  and  prediction 
techniques  has  also  been  given  in  a  recent  AGARD  document 
(Richter,  1990).  including  sample  output  from  a  pntgram  called 
PROPHET. 

6.1.1  Spherical  earth 

For  propagation  over  a  homogeneous  spherical  earth  with  an 
exptmential  atmosphere,  a  commonly  used  program  is 
GRWAVE,  described  briefly  by  Rotheram  et  al.  ( 1985),  and  by 
C’CIR  Report  714-2  (1990).  It  is  based  on  the  theory  of 
Rotheram  (1981).  GRWAVE  is  published  by  the  FFU  (1993), 
Ihis  program  is  an  exception  to  the  usual  practice  of  accommo¬ 
dating  the  atmosphere  by  assuming  a  4/3  earth,  assuming 
instead  an  exponential  atmosphere.  This  makes  a  difference  for 
antennas  elevated  to  great  heights  or  for  frequencies  below 
about  3  MHz.  Three  different  types  of  calculation  are  done, 
depending  on  wavelength  X.,  path  length  d,  and  antenna  height 
fi,  in  relation  to  the  esrth’s  radius  a.  For  </<  and 

h  <  a  ,  extensions  of  the  Sommerfeld  flat-earth  theory 
are  used.  For  h>K  a  '  and  d  within  the  radio  horizon,  geo¬ 
metric  optics  is  used.  Beyond  the  radio  horizon,  or  when 


d>^'  'a'"  *  and  h  <  K'  ' .  ihe  re.sidue  .sene'  is  used 
Both  Held  sUciigihs  and  values  of  basic  Uansniission  liiss 
arc  given  The  effect  of  the  earth  on  antenna  impedance  is  taken 
into  account  in  calculating  so  that  the  ordinary  free  'p.Ke 
values  of  antenna  gains  can  be  used  with  i  .\eeording  to  die 
fl'U  catalogue  (1993).  .source  code  is  available,  as  well  as  an 
executable  program  for  PC  fXXS. 

For  propagation  ov<‘r  a  r-'ueh  sea.  Rotheram  ei  a\  1 19«s  i 
describe  a  program  called  BARRICK.  based  on  the  theory  hv 
Barrick  ( 1971a,b).  It  is  a  modilicatioii  of  tiRWAVF  ibe  rough 
surface  changes  the  effective  surface  uniiedance.  in  a  w  a>  that 
depends  on  the  two-dimensional  ocean-wuve  s(ieeirum  of  the 
surface. 

For  propagation  over  an  inhomogeneous  spherical  earth,  a  r- 
gram  called  NEWBREM  is  described  by  Rotheram  et  al 
(198.5)  It  uses  Dremmer's  (1949)  tlieoiy  (residue  series  (ilus 
geometric  optics)  for  homogeneous  sections,  and  uses  Milling 
ton’s  (1949)  method  to  combine  the  results. 

For  propagation  over  earth  that  can  fe  modelled  as  three  or 
fewer  sections,  each  of  which  is  hoini.gcneous  and  of  coiislani 
radius  (there  can  be  discontinuities  in  terrain  elevation  between 
the  sections),  Rotheram  et  al.  describe  a  program  called 
FTIRUTSL',  based  on  Furulsu's  ( 1982)  theory.  At  least  one  sec 
lion  must  be  a  long  one.  but  one  or  two  sections  can  be  short, 
re.sembling  knife  edges. 

6. 1.2  Irregular  terrain 

For  propagation  over  irregular  teirain.  a  program  called  WAG¬ 
NER  was  originally  developed  by  Ott  and  Berry  ( !97()l.  .Some 
results  are  given  by  Git  et  al.  (1979).  and  the  program  is 
described  (including  a  Fortran  listing)  in  Oil  (1983).  I’he  origi 
nal  program  can  perform  calculations  at  frequencies  up  to 
30  MHz.  but  a  recent  version,  program  RING,  described  by  Ott 
(1992)  extends  the  frequency  range  to  100  MHz.  In  WAGNER, 
the  choice  of  integration  points  is  made  by  the  user.  Some 
experimentation  may  be  required  to  find  a  spacing  of  points 
that  is  close  enough  to  ensure  convergence  of  the  c.alculation. 
but  not  too  close,  since  the  computation  time  increa.ses  as  Ihc 
square  of  the  number  of  points.  Ott  ( 1983)  gives  the  computa¬ 
tion  time  as  proportional  to  path  length  squared  and  frequency 
squared.  The  version  of  the  program  reported  by  Ott  ( 1983)  can 
also  model  forests,  buildings,  or  snow,  as  a  lossy  dielectric  .slab 
on  top  of  the  earth. 

6.1.J  Ground  wave,  multiple  method 

For  general  ground-wave  calculations,  software  has  been  writ¬ 
ten  in  conjunction  with  the  book  by  Maclean  and  Wu  ( 1993),  It 
calculates  field  .'■►rength  over  homogeneous  and  inhomoge¬ 
neous  flat  and  spherical  ground,  and  over  irregul.ir  ground.  It 
runs  on  PC-EXDS.  As  of  the  time  of  writing,  this  software  has 
not  yet  been  published. 

\  coutouter  program  called  GWVOA  (Ground  Wave  Voice  of 
America),  described  by  DeMinco  (1986),  implements  several 
methods.  The  user  selects  the  methods  to  be  used.  The  smooth 
earth  model  uses,  for  short  distances,  one  of  the  two  approxi¬ 
mations  described  by  Hill  and  Wait  (1980),  as  does  GRWAVE, 
depending  on  the  impedance  of  the  earth.  For  long  distances  it 
uses  the  residue  series,  and  for  high  antennas,  geometric  optics. 
In  regions  where  none  of  these  apply,  it  does  an  integration  of 
the  full  wave  theory.  For  inhomogeneous  paths,  it  uses  Milling¬ 
ton’s  ( 1  949)  method.  The  antenna  heights  are  set  to  zero  for  the 
calculations  over  segments,  and  then  a  height  gain  function  is 
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applied  at  the  ends  of  the  path,  hor  irregular  terrain,  the  pro¬ 
gram  implements  Ott’s  (1983)  method.  An  extension  of  the 
melhtxl  can  model  trees  or  buildings  with  user-defined  proper¬ 
ties  as  a  dielectric  slab  over  the  earth.  In  this  implementation  of 
Ott's  method,  the  spacing  between  integration  points  is  selected 
automatically  according  to  the  local  roughness  of  the  terrain, 
llicre  is  also  an  estimate  of  noise  level,  and  an  antenna-gain 
calculation.  Since  some  of  the  model  implementations  arc  time 
consuming,  the  master  program  estimates  the  running  time 
before  starting  a  calculation.  Ihe  program  is  intended  for  use  in 
the  frequency  range  0.01  to  30  MHz. 

d.  1.4  Appliccuion  to  I^ran-C 

l.oran-C'  operates  at  0. 1  MHz.  The  signals  are  pulsed,  but  the 
final  determination  of  position  depends  on  the  phase  of  the 
wave.  When  a  wave  travels  in  a  dissipative  medium,  pulse 
speed  and  phase  speed  are  not  necessarily  the  same.  Johler  and 
Horowitz  (1974)  estimate  differences  up  to  5  ps  at  a  range  of 
3000  km.  However,  it  is  phase  that  must  be  determined  most 
precisely,  and  of  course,  the  signal  amplitude  must  be  great 
enough  for  reception.  For  a  homogeneous  path,  both  amplitude 
and  phase  may  be  obtained  from  a  standard  gnrund-wave  cal¬ 
culation.  For  a  mixed  path  (ocean-land.  say).  Wait  ( 1980)  has 
described  two  theoretical  methods.  However,  in  practice,  a 
much  simpler  calculation  known  as  the  Millington-Pressy 
methtxl  is  usually  used.  In  this  method,  amplitude  and  phase 
are  found  by  .separate  applications  of  Millington’s  method,  as 
outlined  in  part  A.  See  Samaddar  ( 1979)  and  (iCIR  Report  716 
(1990). 

6.2  Diffraction  over  buildings 

6. 2. 1  Building.t  of  uniform  height  and  .^pacing 

A  relatively  simple  theoretical  solution  to  the  complex  problem 
id' diffraction  over  buildings  has  been  given  by  Xia  and  Bertoni 
( 1992)  and  Maciel  et  al.  (1993).  'I'hey  assume  that  a  wave  is  to 
propagate  over  rovs  of  equally-spaced  buildings  of  uniform 
height  rhe  buildings  are  modelled  as  diffracting  screens  (knife 
edges).  The  source  may  be  either  above  or  below  roof-top 
level,  and  may  be  ci’hi  r  clo,se  to  the  first  row  of  buildings  or  al 
a  distance.  The  authors  take  advantage  of  the  fact  that  mathe¬ 
matical  expressions  already  exist  for  equally-spaced  knife 
edges  of  uniform  height,  for  certain  source  positions.  Ihe  field 
is  found  at  the  top  of  the  final  building  of  the  scries,  using  these 
expressions,  and  then  the  field  at  sheet  level  is  found  from  this 
roof-top  field  in  the  manner  of  the  geometric  theory  of  diffrac¬ 
tion  (GTT3).  The  direct  ray  from  the  roof  top  is  u.sed,  and  also  a 
ray  reflected  from  a  building  on  the  other  side  of  the  same  street 
(amplitude  assumed  equal  to  that  of  the  direct  ray).  No  ground- 
refiected  ray  is  used.  The  calculation  along  the  rooftops  is 
based  on  physical  optics,  and  is  one  that  cannot  be  done  with 
G'lT),  which  fails  v/hen  several  edges  arc  aligned. 

6.2.2  Satellite  navigation 

The  GP.S  (Global  Positioning  Sy.stem)  system  operates  at  1227 
and  1575  MHz.  GPS  lransmi.s.sions  are  from  satellites,  and  dif- 
fritetion  los.ses  arc  usually  unimportant,  but  not  always.  When 
the  receiving  antenna  is  mounted  on  a  vehicle,  the  signal  may 
be  blocked  by  obvious  things  like  buildings,  bridges,  trees,  and 
tunnels. 

6.J  Geometric  Theory  of  Diffraction 

I'hc  geometric  theory  of  diffraction,  in  its  uniform  form,  is 
increasingly  being  u.sed  for  terrain  and  building  diffraction  cal¬ 


culations.  Fxamples  are  computer  programs  reported  by  l.ueb- 
bers(1990),  Rossi  and  l^vy  (1992),  and  Kilmer  el  al.  (1993) 
All  of  these  have  been  used  for  estimating  the  wideband  char¬ 
acteristics  (pulse  response)  of  the  radio  channel  as  well  as  the 
diffraction  attenuation.  In  the  program  described  by  I.uebbers 
(1989),  the  terrain  profile  must  be  modelled  by  hand  as  a  scries 
of  wedges,  and  the  program  takes  over  from  there.  He  com¬ 
pares  the  results  with  measurements  made  as  a  function  of 
height.  Rossi  and  l.evy  describe  a  program  particularly 
intended  for  an  urban  area  for  which  there  is  a  detailed  data 
ba.se  aintaining  Ihe  dimensions  and  locations  of  buildings. 

I'hey  looked  critically  at  the  impulse-respon.se  predictions,  and 
found  that  the  initial  echoes  from  close-by  buildings  were  well 
rcpre.sented,  hut  reflections  from  remote  buildings  were  not. 

Kilmer  et  al.  ( 1993)  and  Lebberz.  et  at.  (1992)  describe  a  gen¬ 
eral-purpose  program  intended  to  find  path  attenuation  and 
impulse  response  for  both  open  and  urban  areas.  It  fintls  altcnu- 
ation  due  to  the  conventional  (vertical  cross  section)  path  pro¬ 
file.  but  also  look-s  for  reflections  in  the  horizontal  plane,  due  to 
both  buildings  and  hills.  T'he  program  automatically  decides  on 
how  to  represent  the  terrain  as  wedges,  or  sometimes  as 
rounded  hills.  Physical  optics  methods  are  used  to  estimale  the 
.scattering  from  buildings  and  other  objects  that  may  be  only 
partly  illuminated  and  which  may  have  rough  surfaces.  In  areas 
where  there  is  multipath,  the  field  strength  is  estimated  as  a 
probability  density  function,  and  the  impulse  response  is  calcu¬ 
lated.  The  success  of  this  kind  of  calculation  depends  on  very 
detailed  terrain  data. 

6.4  Cascaded  cylinders 

Since  the  Sharpies  a. id  Mehler  ( 1989)  calculation  (described  in 
Section  5.6  of  Part  A)  is  complicated,  a  simplified  version  has 
been  adopted  by  ('O.ST  210  (1991 ).  I’here  arc  two  simplifica¬ 
tions:  One  is  to  replace  the  infinite  summation  of  Vogler’s 
methtxl  of  knife  edges  by  its  first  (erm,  T'his  produces  a  result 
similar  to  the  method  of  lipstcin  and  Peterson,  but  witli  a  cor¬ 
rection  factor  for  the  spreading  losses.  The  other  is  to  replace 
the  complex  integral  of  Wait  and  (Trnda  with  an  approximate 
formula  for  the  diffraction  attenuation  due  to  a  single  cylinder, 
'(■he  result  is  a  computer  program  that  is  less  accurate  than  that 
for  the  full  cascaded  knife  edge  procedure,  but  which  runs 
much  faster. 

6.5  Physical  Optics 

A  procedure  for  calculating  the  field  by  repeated  numerical 
application  of  Huygens’  principle  (Whitteker,  1990)  has  been 
implemented  in  the  CRC  VHFAIHF  prediction  program,  an 
early  version  of  which  was  described  by  Palmer  (1981 ).  A  ter¬ 
rain  profile  is  u.sed,  usually  obtained  from  a  data  base  of  eleva¬ 
tions  and  ground  cover  types.  The  terrain  profile  is  used  as  it  is 
received,  without  any  fitting  of  special  shapes. 

T'he  most  straightforward  way  of  doing  the  calculation  would 
be  to  proceed  from  point  to  point  along  the  profile,  finding  the 
field  as  a  function  of  height  at  each  step,  and  assu.  ring  that  the 
intervening  terrain  is  planar.  However,  since  terrain  profiles  are 
often  defined  by  hundreds  of  points  this  is  very  time  consum¬ 
ing,  and  al.so  risks  the  accumulation  of  numerical  errors. 
Instead,  the  field  is  found  as  a  function  of  height  only  at 
selected  points,  mostly  on  the  higher  ground.  Between  chosen 
point'  a  model  is  made  of  the  terrain  as  a  rough  and  possibly 
curved  reflector  for  calculating  the  field  due  to  the  reflected 
wave.  In  this  way,  the  calculation  is  made  much  faster,  with  a 
reduction  in  accuracy  in  some  ca.ses. 
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Trees  or  buildings  along  the  path  are  simply  treated  as  part  of 
the  terrain.  However,  if  (according  to  the  data  base)  an  antenna 
is  within  a  forest,  it  is  assumed  that  it  is  really  in  a  clearing  typ¬ 
ical  of  a  road  allowance.  If  an  antenna  is  within  a  built-up  area, 
empirical  losses  are  put  in  (Hata’s  equations),  weighted  accord¬ 
ing  to  how  much  built-up  terrain  there  is  on  the  path.  The  basic 
program  is  written  in  ForUan,  with  alphanumeric  plots.  Menu 
input  and  graphical  output  are  available  for  PC-DOS. 

6.6  Parabolic  equations 

Signal  Science  (Abingdon,  Oxon,  U.K.)  publishes  a  program 
called  FDPEM  that  implements  the  finite  difference  parabolic 
equation  method.  The  software  makes  use  of  elevation  and 
ground-cover  data  from  a  data  base.  The  terrain  profile  is  used 
as  it  is  received,  without  any  fitting  of  special  shapes.  Input  is 
menu-driven,  and  graphical  output  is  in  the  form  of  line  plots  or 
contours,  or  colour-filled  contour  plots.  Since  the  calculations 
are  computationally  intensive,  the  program  runs  on  PC-DOS 
equipped  with  an  additional  fast  processor  called  a  transputer. 

A  Unix  version  is  planned.  Another  program  called  PCPEM 
implements  the  split-step  parabolic  equation  method.  This  is  of 
less  interest  for  diffraction  purposes,  since  the  terrain  is  sup¬ 
posed  to  be  flat. 

7.0  FORESTED  AREAS 

7.1  Propagation  through  trees 

The  classic  work  is  by  Tamir  ( 1977),  who  models  a  forest  as  a 
dielectric  slab  through  which  waves  can  travel  for  a  limited  dis¬ 
tance  only,  but  which  can  support  a  lateral  wave  along  the  tree- 
tops.  This  model  is  said  to  be  valid  from  2  to  200  MHz.  Above 
VHF.  a  forest  is  not  well  modelled  as  a  continuous  medium. 
Most  of  the  results  quoted  below  are  empirical, 

7.1.1  Temperate  forests 

Weissberger  (1982)  reported  on  an  extensive  study  of  models 
for  predicting  the  attenuation  of  radio  waves  by  trees.  The  tra¬ 
ditional  model  for  predicting  the  increase  in  loss  due  to  propa¬ 
gation  through  trees  is  the  exponential  decay  model.  In 
logarithmic  terms,  the  excess  loss  I„  in  decibels,  due  the  trees 
is 

L  =  ad  (8) 

where  a  is  a  decay  constant  that  depends  on  frequency,  and  d 
is  the  distance  between  antennas  in  metres  (in  contrast  to  the 
practice  elsewhere  in  this  paper  of  using  d  to  denote  distance  in 
kilometres).  Note  that  the  relationship  of  a  to  the  constant  p  of 
Section  6. 1  of  Part  A  is  a  =  (1  Ologe)  P  =  4.34P .  One  par¬ 
ticular  exOTession  for  o,  due  to  Lagrone  (1960)  is 
0.00129/ where /is  frequency  in  MHz.  Weissberger  pro¬ 
posed  a  modified  exponential  decay  model  in  which  the  attenu¬ 
ation  increased  less  rapidly  as  a  function  of  distance.  The 
parameters  were  found  by  a  least-squares  fit  to  data  taken  in  a 
cottonwood  forest  in  Colorado,  U.S.A..  in  the  frequency  range 
230  MHz  to  95  GHz; 


L  =  0.063f^**d 

2<d<  14m 

(9) 

L  =  0.187/^*V-^''* 

14<</<400m 

(10) 

applicable  to  cases  in  which  the  ray  path  is  blocked  by  dense, 
dry  (i.e.  not  rained  upon),  in-leaf  deciduous  or  eveigreen  trees 
in  temperate-latitude  forests.  Exponential  decay  is  retained  up 
to  1 4  m.  but  the  decay  is  slower  for  greater  distances.  This  is  an 


empirical  model,  and  as  such,  takes  everything  into  account, 
including  the  lateral  wave,  or  whatever  replaces  it  at  frequen¬ 
cies  greater  than  200  MHz.  This  m<xlel  does  not  discriminate 
between  polarizations,  because  over  most  of  its  frequency 
range  there  is  little  difference.  However,  below  about 
500  MHz,  vertically  polarized  waves  are  attenuated  more 
strongly  by  a  few  decibels. 

Brown  and  Curry  (1982)  report  measured  data  m  which  the 
foliage  attenuations  are  somewhat  scattered,  but  go  generally 
fromO.l  dB/mat  100  MHz  to  l.OdB/mat  lOGHz.This  agrees 
roughly  with  the  model  of  Weissberger  ( 1982)  for  paths  of 

14  m  or  less,  where  the  attenuation  works  out  to  0.23  dB/m  at 
100  MHz,  and  0.86  uB  at  10  GHz. 

In  the  frequency  range  400  to  1000  MHz  and  for  short  paths. 
Seker  and  Schneider  (1 993)  report  attenuations  between  0.25 
and  0.35  dB/m.  with  little  dependence  on  frequency  in  this 
range.  These  results  are  normalized  to  a  very  dense  forest  of 
1000  tree  stems/ha,  under  the  assumption  that  specific  attenua¬ 
tions  are  proportional  to  stem  density. 

Rain  on  trees  can  increase  the  total  path  attenuation  by  4  dB  at 
400  MHz.  and  as  much  as  20  dB  at  1000  MHz  and  higher  fre¬ 
quencies  (Weissberger,  1982).  There  are  not  many  relevant 
measurements. 

7. 1.2  Tropical  forests 

The  Jansky  and  Bailey  empirical  model  is  quoted  by  Weiss¬ 
berger  ( 1982).  where  details  may  be  found.  Path  lengths  are  in 
the  range  8  to  16(X)  m.  frequencies  25  to  400  MHz,  antenna 
heights  2  to  7  m.  Jungle  attenuation  was  found  to  be  2  to  5 
times  greater  than  for  a  temperate  forest.  This  model  also  is 
exponential  for  small  distances,  in  this  case  less  than  about 
80  m.  and  decays  less  rapidly  for  greater  distances.  At  large 
distances,  greater  than  about  160  m,  the  loss  increases  as  40 
log  d,  as  predicted  by  the  lateral-wave  model.  However.  Weiss¬ 
berger  found  the  empirical  model  more  accurate  than  a  lateral- 
wave  theoretical  model  when  measured  electrical  parameters  of 
the  forest  are  used  for  the  theoretical  model.  Lateral -wave 
models  do.  however,  correctly  predict  the  form  of  the  loss  vari¬ 
ations  as  a  function  of  distance,  frequency,  and  antenna  height. 

7.1.3  A  few  trees 

Rice  (1971 )  offers  a  generalization  of  experience  at  VHF/UHF 
that  is  easy  to  apply  in  the  field:  ixjss  through  a  thin  screen  of 
small  trees  will  rarely  exceed  6  dB  if  the  transmitter  can  be 
seen  through  their  trunks.  If  sky  can  be  seen  through  the  tree.s, 

15  dB  is  the  greatest  expected  loss.  Studies  made  at  3000  MHz 
indicate  that  stone  buildings  and  groups  of  trees  so  dense  that 
the  sky  cannot  he  seen  through  them  should  be  regarded  as 
opaque  objects  around  which  difiraction  takes  place.’ 

7.2  Propagation  over  trees 

If  the  antennas  are  in  clearings  or  above  the  trees,  and  not  close 
to  the  trees,  propagation  will  be  primarily  over  the  trees. 
According  to  Weissberger  (1982).  the  most  accurate  way  to 
find  which  is  the  appropriate  mechanism  is  to  estimate  the  loss 
for  both,  and  choose  the  one  that  gives  the  smaller  loss.  How¬ 
ever,  he  also  gives  the  following  guidelines;  If  at  least  one  of 
the  antennas  is  close  enough  to  the  trees  that  the  elevation  angle 
from  the  antenna  to  the  treetops  is  greater  than  26®,  then  prop¬ 
agation  is  through  the  trees.  If  the  angle  is  less  than  8°,  propa¬ 
gation  is  by  diffraction  over  the  trees.  For  intermediate  angles, 
both  mechanisms  may  exist.  For  diffraction  over  trees,  a  knife 
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edge  is  placed  at  the  edge  of  the  forest.  Modelling  studies  have 
indicated  (Weissberger,  1982,  Lagrone,  1977)  that  the  eflfective 
height  of  the  knife  edges  should  be  chosen  to  be  less  than  the 
true  height  of  the  trees.  Height  differences  suggested  have  been 
4.5  m  at  83  MHz,  3  m  at  485  MHz,  1 .3  m  at  210  and  633  MHz, 
0.6  m  at  1280  and  2950  Hz.  Evidently  the  difference  decreases 
with  increasing  frequency,  but  the  numbers  must  be  regarded 
only  as  rough  indications. 

The  attenuation  due  to  deciduous  trees  is  greater  when  leaves 
are  present  than  when  they  are  not.  Low  (1988)  measured  the 
seasonal  variation  of  field  strength  at  450  and  900  MHz  along 
roads  in  Germany  transverse  to  the  propagation  path  in  a  flat 
forested  area.  He  found  the  mean  range  of  variation  between 
summer  and  wituer  to  be  4  or  5  dB,  depending  on  the  year. 
CCIR  Report  567-4  (1990)  reports  similar  results  in  the  U.S. 
Reudink  et  al  (1973)  found  a  larger  seasonal  variation  along 
suburban  roads  with  trees,  amounting  to  a  range  of  lOdB  at 
836  MHz  and  up  to  20  dB  at  1 1.2  GHz. 

For  land-mobile  paths,  the  presence  of  trees  must  often  be 
taken  to  account  along  with  ail  the  other  factors  that  affect  the 
received  signal  strength.  A  simple  method  of  taking  everything 
into  account  has  been  found  by  Low  (1986):  He  compared  the 
predictions  of  the  Hata  (1980)  equations  with  the  results  of 
measurements  made  at  450  and  900  MHz  around  Darmstadt, 
and  found  that  Hata’s  formulas  for  urban  areas  could  also  be 
applied  to  reception  on  roads  through  forested  areas. 

8.0  MULTIPATH 

Particularly  in  built-up  areas,  but  also  in  the  presence  of  trees, 
the  wave  can  arrive  at  the  receiver  from  different  directions, 
after  reflections  from  these  objects.  The  different  waves  create 
an  interference  pattern  that  can  give  rise  to  rapid  fading  as  a 
mobile  receiver  moves  through  the  pattern.  The  distance 
between  minima  of  field  intensity  can  vary  from  one-half 
wavelength  upward.  The  half-wave  spacing  results  from  inter¬ 
ference  between  two  oppositely  directed  waves,  and  the  larger 
spacings  result  from  waves  travelling  at  other  angles  with 
respect  to  each  other.  If  there  are  many  waves  of  comparable 
amplitudes  coming  from  all  directions,  the  received  amplitude 
follows  a  Rayleigh  probability  distribution,  a  distribution  that 
is  often  assumed  in  the  analysis  of  fading.  The  effects  of  multi- 
path  fading  can  be  reduced  by  increasing  the  transmitted  power 
or  by  various  diversity  schemes,  or  in  the  case  of  digital  trans¬ 
mission  by  coding  and  error  correction. 

If  digital  information  is  to  be  sent  at  a  high  data  rale,  then 
another  effect  of  multipath  propagation  is  of  concern,  namely 
the  delay  spread  of  a  transmitted  pulse.  To  visualize  the  effect, 
imagine  speaking  to  someone  in  a  room  with  a  long  reverbera¬ 
tion  time.  After  speaking  each  word  or  syllable,  you  must  wait 
until  the  echoes  die  down  before  speaking  the  nest  one,  if  the 
message  is  to  be  understood.  The  radio  analog  of  the  reverbera¬ 
tion  time  is  the  delay  spread,  which  is  a  measure  of  the  time 
during  which  strong  echoes  are  received.  If  the  delay  spread  is 
T,  then  information  bits  can  be  sent  no  faster  than  1/T.  This  rate 
cannot  be  increased  by  increasing  the  power,  since  the  power  in 
the  echoes  also  incTea.ses.  If  there  is  no  diversity  or  coding  to 
correct  for  the  fading,  the  maximum  rate  is  more  like  1/8T 
(Lee,  1982.  p.340). 

Since  the  delay  spread  is  a  result  of  the  different  lengths  of  the 
different  paths,  it  can  be  estimated  roughly  if  the  locations  of 
the  reflectors  are  known.  Radio  waves  travel  at  300  m/fis.  so  a 
reflector  300  m  away  in  the  direction  opposite  to  that  of  the 


transmitter  will  give  a  delay  of  2  )is  relative  to  the  time  of 
arrival  of  the  direct  wave.  A  reflector  the  same  distance  in  the 
transverse  direction  will  give  a  delay  of  1  p  s,  and  reflectors  at 
the  .same  distance  more  in  the  direction  of  the  tran.smitter  will 
give  smaller  delays. 

A  number  of  measurements  of  delay  spreads  have  been  made. 
Lee  (1982.  p.42)  suggests  mean  delay  spreads  of  1 .3  p  s  in 
urban  areas  and  0.5  ps  in  suburban  areas.  The  larger  buildings 
in  an  urban  area  are  more  likely  to  reflect  signals  strongly  from 
a  distance  of  a  few  hundred  metres.  Bultitude  and  Bedal  ( 1 989 ) 
confirm  typical  delay  spreads  of  about  1  p  s  with  maximum 
spreads  up  to  7ps  to  in  urban  areas,  but  report  smaller  values 
(<  1  ps)  when  the  base-station  antenna  is  low,  al  street-lamp 
level.  Seker  and  Schneider  (1993)  found,  over  a  forest  path  of 
300  m  al  400,  850,  and  1050  MHz,  delay  spreads  of  up  to 
0.6  p  s  for  vertical  polari7.ation  and  up  to  0.3  p  s  for  horizontal 
polarization.  Much  longer  delay  times  can  sometimes  be  found. 
Mohr  (1993)  measured  delays  in  a  mountain  valley  of  up  to  30- 
40  ps.  Ordinarily,  signals  with  this  much  delay  are  of  low 
amplitude,  but  they  could  be  significant  if  the  direct  path  were 
strongly  attenuated. 

Another  effect  of  multipath  propagation  is  a  loss  of  phase 
coherence  in  the  wave  front,  so  that  the  gain  of  an  antenna 
array,  for  example  a  collinear  vertically  polarized  vehicle  roof¬ 
top  antenna,  is  reduced  from  its  nominal  value  (Belrose.  1983). 

9.0  LOCATION  VARIABILITY 

A  radio  wave  received  in  an  environment  cluttered  by  either 
trees  or  buildings  exhibits  variations  as  the  receiving  antenna 
moves  distances  of  the  order  of  wavelengths,  as  discussed 
under  ‘multipath'.  The  field  pattern  is  not  predictable  in  detail, 
but  it  is  at  least  possible  to  say  something  about  the  statistical 
distribution  of  field  strengths.  It  is  important  to  know  this  dis¬ 
tribution  if  the  goal  is  to  achieve  a  signal  level  greater  than  a 
given  level  for  a  certain  percentage  of  locations,  for  reliable 
communications,  or.  conversely,  to  have  a  signal  level  below  a 
certain  level  for  a  certain  percentage  of  time  to  avoid  interfer¬ 
ence  or  unwanted  interception  of  signals. 

If  the  direct  line  of  sight  between  the  two  antennas  is  blocked, 
and  if  the  signal  arrives  by  way  of  many  reflections  of  compa¬ 
rable  strength,  the  received  power  will  follow  a  Rayleigh  distri¬ 
bution.  The  cumulative  distribution,  i.e.  the  probability  of  the 
amplitude  of  the  received  signal  exceeding  .t.  is 

—X  /Xr. 

P(X)  =  e  “  (11) 

where  .tg  is  the  r.m.s.  amplitude  of  the  signal.  The  median  of 
this  distribution  is  found  by  setting  P(x)  =  0.5,  giving  an  ampli¬ 
tude  of  XqJ\o%^2.  The  Rayleigh  distribution  has  no  other  free 
parameters.  Once  the  median  level  is  known,  and  the  distribu¬ 
tion  is  supposed  to  be  Rayleigh,  the  distribution  is  entirely 
determined. 

However,  there  are  at  least  two  common  circumstances  that 
require  a  more  general  distribution.  (1)  The  direct  wave,  or  pos¬ 
sibly  a  particularly  strong  reflection,  is  substantially  stronger 
than  the  other  reflections.  (2)  As  the  receiving  antenna  moves, 
the  median  level  of  the  received  signal  changes,  i.e.  the  process 
generating  the  distribution  is  not  stationary.  To  accommodate 
the  first  circumstance,  the  Nakagami-Rice  distribution  can  be 
used.  In  this  distribution,  there  is  an  added  free  parameter, 
namely  the  ratio  of  the  received  power  of  the  direct  wave  to  the 
mean  power  of  the  remaining  Rayleigh-distributed  wave.  This 
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parameter  can  vary  from  zero  to  infinity,  depending  on  whether 
the  signal  is  pure  Rayleigh  or  pure  direct  wave.  In  forests,  in 
the  50-150  MHz  band,  it  has  been  observed  (Weissbeiger, 
1982)  that  the  Nakagami-Rice  distribution  is  suitable  for  hori¬ 
zontal  polarization  and  the  Rayleigh  distribution  for  vertical 
polarization.  For  either  polarization,  the  steady  component  is 
stronger  in  clearings  than  in  the  forest,  and  relatively  weaker  at 
higher  frequencies.  The  Rayleigh  distribution  tends  to  occur  in 
dense  forests  for  frequencies  greater  than  100  MHz. 

To  accommodate  the  second  circumstance,  the  distribution 
favored  by  Lorenz  (1979)  and  by  Parsons  and  Ibrahim  (1983), 
except  for  open  areas,  is  a  combined  Rayleigh  and  log-normal 
distribution,  which  they  refer  to  as  a  Suzuki  distribution.  In 
built-up  areas,  at  least,  the  distribution  is  considered  to  be  Ray¬ 
leigh  over  a  small  distance  of  say  20  m,  but  the  median  value  of 
the  signal  varies  over  larger  distances  because  of  shadowing  by 
various  objects,  and  is  random  and  log-normal  up  to  say  100  or 
200  m.  Over  this  larger  distance,  the  combined  distribution 
might  be  used.  A  simpler  alternative  mentioned  by  Hagn 
(1980)  is  to  use  a  log-normal  distribution  by  itself  for  the 
median  signal  and  to  add  a  margin  of  6  to  10  dB  to  allow  for 
Rayleigh  fading. 

'Fhe  Suzuki  distribution  is  characterized  by  an  adjustable 
parameter  s,  which,  at  VHF  and  UHF,  Parsons  and  Ibrahim 
found  to  lie  in  the  range  3.3  to  4.1  dB.  These  values  were 
obtained  from  measurements  in  cities  and  forested  roads  in  the 
Rhine  Valley,  and  in  London.  There  seems  to  be  no  way  of  pre¬ 
dicting  the  appropriate  value  of  the  parameter  in  a  particular 
place,  except  by  observing  that  it  is  similar  to  some  place 
where  a  distribution  has  been  measured.  However,  once  the 
parameter  has  been  chosen,  a  signal  level  can  be  calculated  for 
any  chosen  percentage  of  locations. 

Figures  6  and  7  illustrate  some  of  the  distributions  just  men¬ 
tioned.  The  probability  density  gives  the  best  intuitive  idea  of 
the  distribution  of  signal  levels  that  may  be  expected.  The  log 
normal  distribution  is  symmetrical  on  a  decibel  scale,  while  the 
Rayleigh  distribution  is  skewed,  including  more  deep  fades 
than  large  enhancements.  The  Suzuki  distribution  combines  the 
other  two,  and  so  is  broader  than  either.  The  cumulative  distri¬ 
bution  is  of  more  practical  value,  since  it  gives  directly  the 
probability  of  a  desired  signal  being  greater  than  some  thresh¬ 
old,  or  of  an  unwanted  signal  being  less  than  some  value.  In 
practice,  power  is  usually  plotted  against  probability  on  Ray¬ 
leigh  or  log-normal  paper,  so  that  required  power  is  easily  read 
off  for  any  desired  probability  (say  95%  or  0.95).  Lorenz 
(1979)  gives  such  a  plot  for  the  Suzuki  distribution  for  various 
values  of  its  parameter.  CCIR  Report  l(X)7-l  (1990)  contains 
such  diagrams  for  combined  log-normal-  Rayleigh,  Nakagami- 
Rice,  and  other  distributions.  In  a  computer  program,  you  just 
specify  the  probability  you  want,  and  the  corresponding  signal 
level  appears  in  the  output. 

10.0  ACCURACY 

The  accuracy  of  methods  or  implementations  is  difficult  to 
assess.  Average  error  and  standard  deviations  are  sometimes 
quoted,  but  these  are  difficult  to  interpret,  because  these  depend 
so  much  on  variables  such  as  frequency,  type  of  terrain, 
antenna  heights,  and  whether  the  method  was  optimized  on  the 
same  data  set  that  was  used  for  testing.  For  example,  it  is  easier 
to  make  predictions  for  rooftop  reception  than  for  vehicle 
reception.  It  is  obviously  much  easier  in  open  country  than  in 
forested  or  suburban  areas.  In  the  VHF/UHF  range,  accuracy 
decreases  with  frequency  since  the  Fresnel  zone  becomes 


Figure  6.  Probability  density  distributions.  Tiie  sclld  line 
is  Rayleigh,  the  dotted  line  is  log  nornial  with 
standard  deviation  3  dB,  and  the  broken  line  is 
Suzuki,  also  with  a  variance  parameter  of 
3dB. 


Figure  7.  Cumulative  probability  distributions.  The  solid 
line  is  Rayleiigh,  ffie  dotted  line  is  log  normal, 
and  the  broken  line  is  Suzuki.  The  parameters 
ate  the  same  as  in  the  previous  figure. 

smaller.  The  very  best  you  can  expect  is  a  standard  deviation  of 
5  or  6  dB  for  a  detailed  method  in  terrain  that  is  not  too  clut¬ 
tered  with  trees  and  buildings.  Usually  standard  deviations  are 
larger,  ranging  from  7  to  15  dB.  Tables  of  prediction  error  are 
given  by  Preedy  and  Teller  (1989),  Grosskopf  (1989),  Sandell 
et  al  (1989),  and  Fouladpouri  and  Parsons  (1991).  The  Ia.st  two 
are  for  empirical  predictions. 

Ideally,  the  probability  distributions  put  into  the  program 
include  both  the  location  variability  derived  from  measure¬ 
ments,  and  the  error  distribution  of  the  prediction  itself.  It  is 
difficult  to  obtain  good  estimates  of  these  distributions,  because 
they  depend  on  all  the  variables  mentioned  in  the  last  para¬ 
graph.  Perhaps  the  best  way  to  get  a  feeling  for  the  accuracy  of 
a  prediction  program  is  to  compare  its  result  with  measure¬ 
ments  that  you  happen  to  be  familiar  with.  Figure  8  is  an  exam¬ 
ple  of  the  best  that  can  be  expected  at  UHF  in  an  area  with 
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Figure  8.  A  terrain  profile  near  Ottawa,  and  attenuation  respect  to  free  space  at  vehicle  height,  for  910  MHz.  The 

transmitting  antenna  is  incBcated  at  110  m.  On  the  terrain  profile,  suburban  buildings  ate  indicated  at  2  km,  and 
stands  of  trees  at  5  and  13  km.  The  solid  line  is  measured  (20-m  median)  loss,  and  the  broken  line  is  predicted  loss. 


some  buildings  and  trees.  Here,  the  measured  data  are  20-metre 
medians,  which  means  that  most  of  the  Rayleigh  (multipath) 
fading  has  been  removed.  The  signal  is  still  highly  variable. 

n.O  APPLICATIONS  PROGRAMS 

Applications  programs  may  be  divided  broadly  into  two  cate¬ 
gories.  The  first  category  includes  all  programs  written  more 
than  a  few  years  ago.  Everything  is  written  in  Fortran.  The  user 
lets  the  program  know  what  is  wanted  by  answering  questions, 
or  perhaps  creating  an  input  file  by  band,  and  the  results  of  the 
calculation  appear  in  tabular  form  or  as  simple  graphs.  In  the 
second  category  are  implementations  in  which  the  user  lets  the 
program  know  what  is  wanted  by  selecting  items  from  menus, 
and  typing  any  required  numbers  into  labelled  windows  on  the 
screen.  The  results  appear  as  high-resolution  graphs,  usually  in 
colour. 

There  is  something  to  be  said  for  the  older  format.  A  program 
written  in  standard  Fortran  (or  any  other  standard  language)  is 
completely  portable  between  different  types  of  computer  if  the 
source  code  is  made  available.  High  resolution  plots,  while 
pretty,  may  mislead  the  user  into  thinking  the  results  are  more 
accurate  than  they  are. 

Nevertheless,  programs  that  have  menu-driven  input  and  high- 
resolution  graphical  output  are  definitely  the  way  of  the  future. 
They  are  easier  to  use,  and  the  output  can  be  adapted  to  display 
what  you  really  want  to  know,  such  as  detailed  coverage  areas, 
or  places  where  there  might  be  interference  or  unwanted  inter¬ 
ception  of  signals.  With  on-screen  graphics,  it  is  possible  to  try 
difTerent  options  and  get  a  visual  impression  of  the  results. 
Portability  is  becoming  less  of  a  problem  with  the  increasing 
standardization  of  operating  systems.  Most  specialized  pro¬ 
grams  are  written  for  PC-DOS,  and  some  are  also  available  for 
Unix,  which  exists  in  several  varieties,  but  with  some  move¬ 
ment  toward  standardization.  Most,  but  not  all,  of  the  programs 
described  so  far  have  been  more  or  less  of  the  older  type.  Here 
are  examples  of  general-purpose  programs  of  the  newer  type. 
(Very  likely  there  are  equally  good  examples  that  are  not 
included,  and  more  will  appear  in  the  future.) 


Communications  Data  Services  (Falls  Church.  Virginia. 
U.S.A.)  publi.shes  software  called  RFCAD™.  It  runs  on  PC- 
DOS.  but  Unix  versions  are  available.  There  is  a  choice  of 
methods,  including  l.ong)ey-Rice.  Biby-C,  CRC.  IIREM,  and 
Okumura.  All  of  these  have  been  mentioned  in  previous  sec¬ 
tions,  except  for  Biby-C.  which  is  an  empirical  correction  to 
Longley-Rice  that  accounts  for  the  excess  attenuation  due  to 
vegetation  and  buildings.  Multipath  fading  is  also  estimated, 
based  on  the  same  measurements.  Coverage  from  one  or  more 
transmitters  can  be  displayed  on  screen  on  a  base  map  and 
printed  in  that  form,  or  plotted  in  colour  on  a  transparent  she 
for  overlaying  a  paper  map.  The  software  uses  terrain  eleva¬ 
tions  in  3-arc-second  format  (see  next  Section),  and  can  import 
other  formats.  It  also  makes  use  of  land-use  data,  where  avail¬ 
able, 

EDX  Engineering  (Eugene,  Oregon,  U.S.A.)  publishes  soft¬ 
ware  called  SIGNAL™.  It  runs  on  PC-DOS.  There  is  a  choice 
of  methods,  including  TIREM.  RMD,  FCC.  CCIR.  and  Oku¬ 
mura.  All  of  these  have  been  mentioned  in  previous  sections, 
except  for  RMD,  which  is  described  as  “a  simple  means  of 
including  path-specific  knife-edge-dilTraction  loss  and  reflec¬ 
tions  with  signal  level  predictions  based  on  other  well-known 
propagation  models",  and  FCC,  which  is  an  official  broadcast 
and  land-mobile  prediction  method  for  the  U.S.  There  is  also  a 
ray-tracing  program  for  microcellular  radio.  The  user  can  select 
building  and  foliage  blockage  factors  at  the  receive  site  or  use  a 
ground-cover  data  base.  Fade  margins  are  estimated.  Multi-site 
coverage  studies  can  be  done,  and  field-strength  contours  can 
be  displayed  along  with  a  base  map.  The  software  uses  terrain 
elevations  in  3-arc-second  format  (see  next  section),  and  can 
import  other  formats.  It  also  makes  use  of  land-use  data,  where 
available. 

GEC -Marconi  (Chelmsford,  Essex.  U.K.)  has  written  software 
called  COVMOD  for  area  coverage  and  DRAW_PROFILE  for 
fixed  links.  There  is  an  on-line  service.  The  software,  which 
runs  on  a  Vax  computer,  uses  a  terrain  data  base  for  the  U.K., 
including  land-cover  codes.  Empirical  or  semi-empirical  meth¬ 
ods  are  used.  Multi-site  coverage  can  be  done. 
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12.0  TERRAIN  DATA 

Any  method  of  predicting  attenuation  due  to  terrain  diffraction 
requires  terrain  data.  Terrain  profiles  can  be  obtained  by  hand 
from  topographic  maps,  but  this  is  very  tedious.  A  data  base  is 
very  desirable,  almost  necessary.  Terrain  elevation  is  the  most 
important  quantity  to  obtain,  but  terrain  cover  information  (for¬ 
est,  buildings,  water)  is  also  valuable.  For  reasonably  fast 
access,  the  data  must  be  available  as  a  digital  elevation  model, 
as  opposed  to.  say,  digitized  elevation  contours.  Most  elevation 
models  are  in  the  form  of  an  a{^oximatcly  rectangular  grid, 
although  there  are  other  possibilities.  Digital  terrain  data  arc 
not  always  freely  available,  because  they  are  expensive  to  cre¬ 
ate,  because  they  have  strategic  value,  and  because  formats  dif¬ 
fer. 

However,  there  is  a  NA'IU  standard  for  elevation  data  that  has 
come  into  widespread  use.  It  is  Digital  Terrain  Elevation  Data 
(D'HiD)  Level  1.  which  is  the  subject  of  STANdarization 
ACireemenl  3809.  In  this  format,  an  elevation  is  stored,  as  a  16- 
bit  number,  for  every  point  in  a  3-arc -second  array,  that  is.  3" 
of  latitude  by  3"  of  longitude,  except  at  northern  latitudes, 
where  the  number  of  seconds  of  longitude  is  increa.scd  to  6, 9 
etc.  to  keep  the  grid  roughly  100-m  square.  Elevations  are 
stored  as  profiles  of  1 201  points  running  from  south  to  north  in 
a  1  °  X  1  °  cell.  Successive  profiles  go  from  west  to  east.  This 
format  was  not  created  for  radio-propagation  predictions,  and  it 
is  not  ideal  for  that  purpose,  since  to  obtain  elevations  along  a 
roughly  east-west  path  that  crosses  a  cell,  all  the  data  in  the  cell 
must  be  read.  Nevertheless,  since  it  appears  to  be  the  only 
widely-used  standard,  it  makes  sense  to  use  it.  DTED  eleva¬ 
tions  exist  for  much  of  North  America  and  much  of  Europe,  but 
availability  depends  on  the  decisions  of  the  governments 
involved.  In  the  U.S.,  elevations  derived  from  DTED  are  in  the 
public  domain  and  are  available  at  low  cost.  Land-cover  data 
are  also  available.  In  Canada,  which  is  partly  covered,  DTED 
elevations  arc  available,  but  at  a  higher  price. 

A  much  more  general  standard  for  all  kinds  of  geographic 
information  has  recently  emerged,  called  DIGEST  (Digital 
Geographic  Exchange  STandardl.  This  does  not  have  immedi¬ 
ate  application  to  radiowavc  propagation  calculations,  but  in 
the  future,  a  product  suitable  for  these  calculations  could  be 
derived  from  it. 

There  are  also  other  forms  of  terrain  data.  In  (Canada,  there  is  a 
500-metre  data  base  for  the  more  populated  areas,  as  well  as  a 
7-category  land-cover  code.  In  Britain,  the  Ordnance  Survey 
publishes  a  50-metre  data  base,  and  a  similar  one  is  recently 
available  also  from  EDX.  In  Germany,  the  German  Telekom 
uses  a  5"  x  5"  data  base  which  includes  13  categories  of  land 
cover.  In  Sweden,  there  is  a  50-metre  data  base,  including  land 
cover.  Undoubtedly  there  are  many  more  sources  of  data 
beyond  those  mentioned. 

rrU  Working  Party  5B  (now  part  of  the  new  Study  Group  3) 
has  drafted  a  new  Recommendation  ( 1993b)  for  the  contents  of 
a  terrain  data  base  for  radiowave  propagation  prediction  pur¬ 
poses.  However,  no  specific  standard  is  proposed.  Land-cover 
categories  such  as  mean/maximum  building  height,  building 
density,  tree  height,  type,  and  density  are  recommended.  For 
cities,  a  very  detailed  data  base  containing  the  shapes  and  sizes 
of  buildings  would  be  useful  for  some  purposes. 

13,0  CONCLUSION 

Ifiis  part  of  the  lecture  has  described  a  number  of  planning 
tools  for  groundwave  and  diffraction  propagation.  Iliesc  range 


from  simple  equations  or  graphs  to  sophisticated  computer  cal¬ 
culations.  They  are  planning  uxrls  that  have  been  described  in 
the  literature,  or  otherwise  known  to  the  author.  Ihere  are 
undoubtedly  many  more  that  have  rnit  been  included,  particu¬ 
larly  those  that  may  have  been  written  in-ht>use  by  various 
organizations  and  not  widely  publicized  or  distributed. 
Although  comments  have  been  made  in  some  places  about  the 
suitability  of  .some  of  them,  no  definite  recottunendations  have 
been  made.  The  suitability  of  a  planning  tool  depends  very 
much  on  the  particular  needs  of  the  user. 
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1.  SUMMARY 

Sensing  of  radio  refractivity  has  historically  been 
accomplished  with  direct  sensing  techniques  such  as 
radiosondes.  While  direct  sensing  techniques  provide 
good  data  for  propagation  assessment  purposes,  remotely 
sensed  data  would  be  more  desirable.  Various  direct  and 
remote  sensing  techniques  and  an  assessment  of  their 
potential  operational  usefulness  are  reviewed.  Included 
are  radiosondes,  refractometers,  radar  sounders,  lidars, 
satellite-based  sensors,  radiometric  and  radio  propagation 
techniques.  The  need  for  and  feasibility  ot  providing 
three-dimensional,  time- varying  refractivity  fields  for 
propagation  assessment  are  addressed. 

Aerosol  extinction  is  often  the  atmospheric  parameter 
limiting  electrooptical  systems  performance.  For  proper 
performance  assessment,  slant  onth  extinction  must  be 
known.  For  several  decades,  attempts  have  been  made  to 
infer  aerosol  extinction  from  iidar  backscatter 
measurements.  A  discussion  of  selected  Iidar  techniques 
and  their  limitations  is  presented. 

2.  INTRODUCTION 

Modem  sensor  and  weapon  systems  rely  on  propagation 
of  electromagnetic  or  electrooptical  energy  in  an 
atmosphere  with  highly  variable  properties.  For  example, 
radars  may  detect  targets  far  beyond  the  normal  radio 
horizon  or  encounter  holes  in  coverage  dependeht  on  the 
vertical  refractivity  structure  encountered.  Systems 
operating  in  the  visible  or  infrared  wave  bands  can  be 
rendered  totally  ineffective  in  the  presence  of  clouds  or 
fogs.  A  quantitative  assessment  of  the  impact  of  the 
propagation  medium  on  a  system  requires  an  adequate 
description  of  the  relevant  atmospheric  parameters  which 
can  be  obtained  through  sensing,  numerical  modeling  or 
a  combination  of  both.  In  the  following,  various 
techniques  for  sensing  radio  refractivity  and  aerosol 
extinction  are  described. 

3.  RADIO  REFRACTIVITY 

3.1  Structure  and  variability 

Before  addressing  sensing  tectoiques,  it  is  important  to 


establish  what  needs  to  be  sensed,  how  accurate 
measurements  ought  to  be  and  how  often  and  where  data 
should  be  taken. 

Radio  refractivity  N  (A=In-l]10^  n  =  refractive  index) 
in  the  atmosphere  is  given  by 

N=77.6(iVr+4810e/r^] 

where  P  is  the  atmospheric  pressure  (hPa),  T  the 
temperature  (K)  and  e  the  partial  water  vapor  pressure 
(hPa).  Under  most  atmospheric  conditions,  refractivity  is 
primarily  dependent  on  the  partial  water  vapor  pressure. 
Sensing  efforts  for  radio  refractivity  are,  therefore, 
mainly  concerned  with  the  vertical  distribution  of  water 
vapor  in  the  atmosphere. 

For  radio  propagation  assessment  purposes,  the  absolute 
accuracy  of  N  is  less  important  than  vertical  refractivity 
gradients  and  their  height.  Based  on  experience  in 
anomalous  radio  propagation  assessment,  the  height  of 
refractive  layers  should  be  known  with  an  accuracy  of 
some  10  m  and  N-unit  changes  across  a  layer  to 
approximately  one  N-unit. 

Answering  the  question  of  how  often  and  where 
refractivity  profiles  should  be  taken  requires  an 
understanding  of  the  temporal  and  spatial  behavior  of 
atmospheric  refractivity.  One  of  the  best  tools  to 
visualize  atmospheric  refractivity  structure  is  a  special 
radar  built  for  exactly  that  purpose  (Richter,  1%9).  The 
radar  is  a  vertically-pointing  frequency-modulated, 
continuous-wave  (FM-CW)  radar  which  soises  the 
turbulence  structure  parameter  for  the  refractive 
index.  While  the  relationship  bl^een  and  the 
refractivity  profrle  is  not  simple,  strong  radar  echoes  are 
most  often  associated  with  steqr  vertical  refractivity 
gradients.  Temporal  and  spatial  changes  of  radar  echoes 
are,  therefore,  an  excellent  description  of  temporal  and 
spatial  variations  of  layers  in  the  vertical  refractivity 
profile.  An  exanq)le  is  shown  in  figure  1  where  the 
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Figure  2.  Scanning  radar  observation  of  refractivity  structure  and  concurrent  radiosonde  data. 
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vertically  pointing  radar  senses  returns  which  are 
associated  with  strong  gradients  in  the  directly-sensed 
(radiosonde  released  at  1238  PST)  refractivity  profile. 
Several  distinct  layers  can  be  seen  which  descend  and  rise 
with  time.  Another  example  is  shown  in  figure  2,  where 
a  scanning  FM-CW  radar  provides  a  spatial  picture  of  an 
atmospheric  layer  which,  again,  coincides  with  the  steep 
gradient  in  the  directly  sensed  radiosonde  profile  (Richter 
et  al.,  1973).  Figure  3  is  an  example  of  dynamic  features 
frequently  observed.  There  are  stable  layers  above  and 
below  an  atmospheric  wave  train  that  perturbs  the  upper 
stable  layers  but  not  the  ones  below,  which  are  perturbed 
themselves  by  smaller  wave  motions.  The  vertical 
structures  between  1(X)  and  170  m  are  caused  by 
convection  in  the  marine  layer  below.  Figures  1-3  convey 
a  picture  of  a  dynamic  refractivity  structure  consistent 
with  propagation  measurements,  which,  when  influenced 
by  atmospheric  refractive  layers,  vary  (fade)  with  time. 
Figures  4-7  illustrate  signal  variability  and  suggest 
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Figure  4.  Vertical  profiles  of  radio  signals. 


fundamental  limitations  to  instantaneous  signal-level 
predictability.  Figure  4  shows  9.6  GHz  signals  for  a  128 
km  over-water,  over-the-horizon  path  measured  with  a 
receiver  which  was  moved  vertically  between  5  and  38  m 
above  the  surface.  The  numbers  at  the  tops  and  bottoms 
of  the  three  individual  traces  indicate  the  start  and  stop 
time  for  the  measurements.  Acquisition  of  the  three 
individual  profiles  took  4  minutes  each.  Even  though  the 
three  profiles  are  separated  by  not  mote  than  12  minutes, 
they  have  little  resemblance  to  each  other.  The  upper  and 
lower  envelopes  of  signal  variability  for  the  entire 
measurement  period  are  shown  on  the  right  side  of  the 
figure  indicating  almost  20  dB  variability.  This  number 
may  be  considered  large  and  disappointing  for  high- 
fidelity  assessment  purposes.  However,  this  variability  is 
superimposed  on  SO  -  60  dB  signal  enhancemenu  over 
standard  atmospheric  conditions  (in  figure  4,  the 
transmitter  was  located  10  m  above  sea  level,  troposcatter 
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Figure  5.  a)  Refractivity  profiles  measured  along  a 
propagation  path  (Dockery  and  Konstanzer,  1987). 


loss  is  215  dB;  free  space  loss  is  154  dB).  This  illustrates 
an  important  point;  the  quality  of  propagation  and 
environmental  models  should  be  judged  by  their  ability  to 
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predict  average  signal  enhancements  (or  decreases)  rather 
than  short  term  fluctuations;  the  tatter  may  appear  large 
by  themselves  but  are  really  small  compared  to  the  overall 
effect.  Figure  5  (reproduced  from  Dockery  and 
Konstanzer,  1987)  addresses  the  same  point  using  state-of- 
the  art  ranee-dependent  refractivity  measurements  and 
range-dependent  propagation  models.  Refractivity  profiles 
calculated  from  helicopter-borne  temperature  and  humidity 
measurements  (figure  3a)  show  a  variable  refractivity 
environment  along  a  propagation  path.  These  profiles 
were  used  with  the  range-dependent  propagation  code 
EMPE  (Ko  et  al.,  1983)  to  calculate  path  loss  at  3. 63 
GHz  as  a  function  of  range.  Figure  3b  shows  measured 
path  loss  values  (from  an  aircraft  flying  at  a  constant 
altitude  of  31  m),  calculations  based  on  the  helicopter 
measurements,  and,  for  comparison  purposes,  path  loss 
for  a  standard  atmosphere.  For  all  three  cases  in  figure 
3b,  the  propagation  calculations  predict  the  general  signal 
enhancement  for  beyond-the-horizon  ranges  but  disagree 
at  certain  ranges  with  the  measurements  by  as  much  as  20 
dB. 

Occasionally,  the  environment  varies  so  rapidly  that 
measuring  such  a  variability  is  not  feasible.  Even  if  it 
were,  the  rapid  changes  would  make  accurate  propagation 
predictions  impossible.  Two  examples  given  by  Anderson 
(1993)  illustrate  stable  and  variable  refractivity 
environments.  Anderson  investigated  low-altitude,  short- 
range  radar  detection  capabilities  under  evaporation 
ducting  conditions.  A  shore-based  9.4  GHz  radar  at  23.3 


m  above  mean  sea  level  tracked  a  calibrated  target  at  ‘*.9 
m  above  the  sea.  Figure  6  shows  radar  data  (propagation 
loss)  for  target  ranges  between  3-17  km.  It  is  remarkable 
how  closely  the  measurements  cluster  around  what 
propagation  models  predict  for  the  7-8  m  evaporation  duct 
present  (for  this  evaporation  duct  strength,  signal  levels 
between  t^roximately  7-13  km  are  below  those  plotted 
for  a  standard  atmosphere).  The  same  radar 
measurements  repeated  on  another  day  are  shown  in 
figure  7.  Propagation  loss  levels  show  instantaneous 


variations  of  up  to  20  dB.  The  reason  for  this  variability 
was  an  elevated  refractive  layer  responsible  for  an 
approximately  30  m  thick  surface-based  duct  that 
dominated  the  propagation  mechanism.  This  elevated 
layer  apparently  fluctuated  sufficiently  to  cause  the  highly - 
variable  propagation  loss  values.  Figure  3  serves  as  a 
reminder  of  possible  refractivity  complexity  and 
variability.  There  is  no  way  of  either  measuring  or 
modeling  such  highly  variable  refractivity  structures  for 
instantaneous  signal  strength  predictions.  This  means 
there  will  be  situations  for  which  an  accurate 
instantaneous  sensor  performance  assessment  cannot  be 
provided.  Fortunately,  such  highly  variable  situations  are 
rare  (a  subjective  estimate  is  that  they  occur  less  than 
10%  of  the  time)  and  techniques  may  be  developed  to 
make  the  operator  aware  of  such  situations  and  perhaps 
bracket  the  expected  variability.  For  the  majority  of  the 
situations  encountered,  the  assumption  of  horizontal 
homogeneity  is  reasonable.  It  was  found  that  calculations 
of  propagation  enhancements  based  on  a  single  vertical 
profile  were  correct  in  86%  of  the  cases.  A  similar 
conclusion  has  been  reached  from  years  of  shipboard 
experience  with  the  US  Navy’s  Integrated  Refractive 
Effects  Prediction  System  (Hitney  et  al.,  1983), 

Additional  excellent  quantitative  refractivity  and 
propagation  data  have  recently  been  obtained  during  a 
program  in  the  southern  California  coastal  area  named 
VOCAR  [Variability  of  Coastal  Atmospheric  Refractivity, 
(Paulus,  1994)),  The  major  objective  of  this  program  is 


the  development  of  a  data  assimilation  system  which 
provides  refractivity  nowcasts  and  forecasts  based  on  both 
sensed  data  and  meteorological  numerical  models.  Such 
a  data  assimilation  system  is  the  only  hope  for  an 
operational  refi'activity  assessment  and  forecasting  system. 
One  con^nent  of  VOCAR  was  the  simultaneous  and 
continuous  measurement  of  a  radio  signal  radiated  from 
the  northern  tip  of  San  Clemente  Island  (SCI)  and 
received  simultaneously  at  Pt.  Mugu  (133  km  path)  and  at 
San  Diego  (127  km  path).  These  propagation  paths  are 


nearly  identical  in  length  but  are  located  in  different  areas  reffactivity  profiles.  Ever  since  the  f'^'w-response  lithium 
of  the  S.  California  Bight.  Variations  in  signal  levels  chloride  humidity  sensor  was  replaced  with  the  carbon 

over  the  two  paths  are  a  precise  measure  of  path-  element  some  35  years  ago  (thin  film  capacitors  are  used 

integrated  reffactivity  conditions  and  their  temporal  today),  the  radiosonde  has  provided  satisfactory  vertical 

changes.  Figure  8  shows  over  three  months’  of  signal  humidity  profiles  under  most  conditions.  A  commonly 

levels  for  the  two  paths  (Rogers,  1994).  Signal  levels  used  radiosonde  system  today  consists  of  a  Vaisala  RS  80 

vary  over  six  orders  of  magnitude  which  underlines  the  series  radiosonde  and  suitable  receivers.  The  specified 

operational  importance  of  refraciivity  effects  and  accuracy  of  the  sensors  is  0.5  hPa  for  the  pressure,  0.2 

assessment.  However,  the  variations  in  signal  level  over  °C  for  temperature  and  2%  for  relative  humidity 

the  two  geographically  different  paths  follow  each  other  (humidity  lag  is  1  s  for  6  m/s  flow  at  1000  hPa,  -(-20 

quite  consistently.  The  cross-correlation  of  the  signals  °C).  The  radiosonde  package  itself  weighs  less  than  200 

along  the  two  propagation  paths  is  shown  in  figure  9  g  and  can  be  launched  with  a  1(X)  g  balloon.  The 

indicating  a  correlation  factor  of  nearly  0.8.  There  is  a  radiosonde  senses  temperature,  humidity  and  pressure 

small  time-lag  between  the  Point  Mugu  and  the  San  Diego  continuously  but  each  of  the  sensors  is  selected  in 

signals  consistent  with  the  notion  of  features  advected  by  succession  for  relaying  the  information  to  the  ground 

the  prevailing  north-westerly  flow.  One  may  conclude  station.  The  duration  of  the  measurement  sequence  is 

that  a  major  benefit  would  be  derived  from  a  data  approximately  1.5  s.  This  results  in  non-continuous 

assimilation  syaiciiiUipablc  of  predicting  gross  refractivity  temperature  and  humidity  profiles  which  can  cause 

conditions  for  the  S.  California  Bight  area  from  which  the  problems  when  the  sonde  ascends  through  very  sharp 

gross  signal  fluctuations  can  be  derived.  Horizontal  vertical  humidity  gradients  while  transmitting  other  data, 

inhomogeneities  over  this  area  are  probably  not  Such  problems  are  not  very  common  and  rarely  significant 

predictable  and  are  usually  insignificant  compared  to  the  for  operational  assessments;  they  can  be  avoided  for 

overall  assessment.  special  applications  by  either  more  rapid  switching 

schemes  or  continuous  profile  measurements  (i.e.. 
In  conclusion,  it  is  very  important  to  realize  and  launching  more  than  one  radiosonde  with  one  of  the 

appreciate  the  temporal  and  spatial  variability  of  sondes  transmitting  humidity  only).  The  radiosonde  can 

atmospheric  refractivity  structure  for  any  sensing  and  also  be  equipped  with  navigation  receivers  (Omega  or 

•  forecasting  effort.  For  most  applications,  horizontal  LORAN  C)  which  permits  sensing  of  winds.  Incorrect 

homogeneity  is  a  reasonable  assumption.  Therefore.  surface  values  represent  one  problem  encountered  with 

•  single  profiles  of  refractivity  measured  either  directly  or  radiosondes.  The  launch  point  may  be  affected  by  surface 

remotely  are  adequate  for  propagation  assessment  heating  (or  by  a  local  heat  source  in  the  case  of  shipboard 

purposes.  Most  promising  is  a  data  assimilation  system,  launches)  and  lead  to  systematic  errors  (Helvey,  1983). 

which  combines  sensed  and  numerically  modeled  data.  Shipboard-induced  surface  heating  errors  can  be  avoided 

by  dropsondes  (released  by  aircraft  and  descending  by 
3.2  Direct  Sensing  Techniques  parachute)  or  by  launching  the  radiosonde  sensor  package 

with  a  small  rocket  and  obtaining  the  measurements 
Radiosondes  during  parachute  descent  away  from  the  ship  (Rowland 

Radiosondes  have  been,  and  still  are,  the  most  frequently  and  Babin,  1987).  These  techniques  measure  the  profiles 

used  direct  sensing  technique  for  obtaining  radio  away  from  the  ship  down  to  the  ocean  surface.  They  do 
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not,  however,  measure  (as  sometimes  erroneously  stated) 
humidity  profiles  responsible  for  evaporation  ducting. 
Another  shortcoming  of  radiosonde-measured  profiles  is 
the  non  vertical  flight  path  of  the  balloon  (and  parachute) 
and  the  time  it  takes  to  measure  one  profile.  Both  the  non 
vertical  sampling  path  and  temporal  changes  during  the 
measurement  do  not  necessarily  provide  an  accurate 
vertical  profile.  This  must  be  considered  when  comparing 
true  vertical,  instantaneous  profile  measurements  (e  g., 
lidar  profilers)  with  radiosonde  data. 

Microwave  Refractometers 

Unlike  radiosondes,  microwave  refractometers  measure 
radio  refractivity  directly.  Ambient  air  is  passed  through 
a  microwave  cavity  whose  resonant  frequency  is  a 
function  of  both  the  dimensions  of  the  cavity  and  the 
refractive  index  of  the  air  within  the  cavity.  If  the 
dimensional  changes  of  the  cavity  are  kept  very  small,  the 
refractive  index  of  the  air  within  the  cavity  can  be 
accurately  determined  from  the  measurement  of  the 
resonant  frequency  of  the  cavity.  The  operating 
frequency  of  microwave  refractometers  is  usually  around 
10  GHz.  Microwave  refractometers  have  been  used  as 
early  as  1952  and  have  been  installed  operationally  in  the 
US  Navy’s  E-2C  airborne  surveillance  aircraft  (designated 
AN/AMH-3,  Airborne  Microwave  Refractometer).  In 
research  operations,  microwave  refractometers  are  often 
deployed  from  helicopters.  Microwave  refractometers  are 
considered  the  most  accurate  sensor  for  radio  refractivity 
and  have  usually  very  rapid  response  times.  Their 
disadvantages  are  relatively  high  cost  and  weight. 

Evaporation  Duct  Sensors 

An  important  ducting  phenomenon  over  oceans  is  the 
evaporation  duct.  This  duct  is  caused  by  a  rapid  decrease 
in  humidity  right  above  the  ocean  surface.  A 
measurement  of  the  instantaneous  vertical  humidity  profile 
is  difficult  because  humidity  decreases  from  saturation 
directly  at  the  surface  (relative  humidity  100%)  to  its 
ambient  value  within  the  first  few  centimeters  above  the 
surface.  The  instantaneous  ocean  surface  is  perturbed  by 
wave  motions  and  an  average  surface  height  is  defined 
only  when  the  instantaneous  height  is  averaged  over  time. 
In  addition,  individually  measured  profiles  are 
characterized  by  temporal  fluctuations  which  are  of  the 
same  order  as  the  vertical  changes  of  interest.  Therefore, 
individually  measured  profiles  are  not  meaningful  for 
evaporation  ducting  assessment  unless  they  are  averaged 
over  time  (on  the  order  of  one  minute).  Lack  of 
understanding  of  these  basic  micrometeorological 
properties  has  resulted  in  many  inappropriate  profile 
measurement  proposals  and  attempts.  Relationships  have 
been  developed  which  permit  reliable  evtqxrration  duct 
height  determination  from  four  simple  ’’bulk* 
measurements:  sea-surface  temperature  and  air 
temperature,  relative  humidity,  and  wind  speed  measured 
at  a  convenient  reference  height  (usually  5-10  m)  above 
the  surface  (Jeske,  1973).  These  four  measurements  are 
usually  made  with  standard  meteorological  sensors  (e.g., 
psychrometer  for  humidity,  anemometers  for  wind  and 


thermometers  (theimistors,  thermocouples)  for 
temperature).  For  sea-surface  temperature,  a  hand-held 
r^iometer  may  provide  more  convenient  and  accurate 
data  (Olson,  1989).  Over  two  decades  of  experience  in 
evaporation  ducting  assessment  based  on  bulk 
measurements  have  provided  satisfactory  and  consistent 
results.  Operational  assessment  of  eviqroration  ducting 
effects  is  less  affected  by  uncertainties  in  relating  julk 
measurements  to  profiles  than  b>  range-variations  in  the 
duct. 

3.3  Remote  Sensing  Techniques 
Radar  Techniques 

Radar  observations  of  atmospheric  refractivity  structures 
are  almost  as  old  as  radars  themselves  (Cowell  and 
Friend,  1937).  The  first  radar  specifically  designed  for 
the  study  of  refractivity  structure  was  introduced  by 
Richter  (1969).  The  radar  provided  continuous 
observations  of  atmospheric  refractivity  structures  with  an 
unprecedented  range  resolution  of  one  meter. 
Observations  with  this  radar  helped  settle  the  question  of 
the  nature  of  radar  returns  from  atmospheric  refractivity 
and  revealed  a  detailed  picture  of  temporal  and  spatial 
refractivity  variations  unknown  before  (Fig.  1-3).  To  this 
day,  there  is  no  other  remote  sensor  capable  of  providing 
a  more  detailed  picture  of  the  dynamics  and  structure  of 
atmospheric  refractivity.  The  radar,  however,  does  not 
sense  the  refractivity  profile  but  rather  the  structure 
parameter  C„-  of  the  structure  function  describing  the 
turbulent  perturbation  of  atmospheric  refractivity. 
Gossard  and  Sengupta  (1988)  derived  a  relationship 
between  refractivity  gradient  and  C„VC,^  where  C,-  is  the 
structure  parameter  of  the  vertical  component  of  the 
turbulent  wind  velocity  field  (measured  from  the  turbulent 
broadening  of  the  Doppler  spectrum).  This  relationship 
allows,  in  principle,  retrieval  of  refractivity  profiles  from 
radar  measurements.  In  practice,  retrievals  are  limited  by 
the  presence  of  clouds  or  other  particulates  contaminating 
the  radar  data.  Additional  difficulties  are  that  the 
broadening  of  the  Doppler  spectrum  may  be  due  to  effects 
other  than  turbulence  and  the  need  for  data  with  high 
signal-to-noise  ratios.  It  appears  that  a  combination  of 
remote  sensors  such  as  radar  (with  Doppler  capability), 
acoustic  echo  sounder,  and  Radio  Acoustic  Sounding 
System  (RASS),  may  sense  data  which  will  result  in 
accurate  refractivity  profiles  (Gossard,  1992). 

Lidar  Techniques 

Two  lidar  techniques  have  been  used  successfully  to 
measure  atmospheric  profiles  of  water  vapor:  differential 
absorption  lidars  (DIAL)  and  Raman-scattering  lidars. 

DIAL  uses  the  strong  wavelength-dependent  absorption 
characteristics  of  atmospheric  gases.  For  radio 
refractivity,  water  v^r  is  of  interest  (oxygen  is  used  for 
temperature  profiling).  A  tunable  laser  is  tuned  to  the 
resonance  of  an  absorption  line  and  then  tuned  off 
resonance.  The  ratio  of  the  range-gated  lidar  signal 
permits  determination  of  the  atmospheric  water  vtqx>r 
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profile  (Schotland,  1966;  Collis  and  Russell,  1976; 
Measures,  1979). 

Raman-scattering  Ildars  utilize  a  weak  molecular 
scattering  process  which  shifts  the  incident  wavelength  by 
a  fixed  amount  associated  with  rotational  or  vibrational 
transitions  of  the  scattering  molecule  (Melfi  et  al.,  1969; 
Cooney,  1970.».  The  ratio  of  the  Raman-scattered  signal 
for  the  water-vapor  shifted  line  to  the  signal  froni  nitrogen 
is  approximately  proportional  to  the  atmospheric  water 
vapor  mixing  ratio  (Melfi,  1972). 
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Figure  10,  Water  vapor  mixing  ratio  from  Raman  lidai 

measurement  (solid)  and  radiosonde  (dashed). 

An  example  of  a  water  vapor  profile  measured  with  a 
Raman  lidar  is  shown  in  figure  10  (Blood  et  al.,  1994; 
Philbrick,  1994).  The  instrument  used  for  measuring 
those  data  is  a  532  nm,  0.6  Joule/pulse,  7  ns  pulse  width. 
20  Hz  pulse  repetition  frequency  lidar.  The  lidar  profiles 
are  integrated  over  30  min  and  the  range  resolution  of  the 
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Figure  1 1 .  Modified  refractivity  profile  for  the  data  in 
figure  10. _ 


data  set  is  75  m.  The  solid  trace  in  figure  10  represents 
the  lidar  and  the  dashed  trace  the  radiosonde  data.  The 
agreement  is  excellent  considering  that  the  balloon  profile 
is  not  the  true  instantaneous  vertical  profile  and  the  lidar 
data  are  time  averaged.  Figure  11  shows  the 
corresponding  M-unit  profile  indicating  a  surface-based 
duct  at  650  m. 

Even  though  water  vapor  profiling  based  on  differential 
absorption  and  Raman  scattering  has  been  demonstrated 
some  25  years  ago,  no  instruments  for  routine  ground- 
based  use  are  commercially  available  yet.  The  reason  is 
that  neither  technique  will  produce  profiles  reliably  under 
all  conditions.  Daytime  background  radiation  decreases 
the  signal-to-noise  ratio  and  so  does  extinction  by 
aerosols.  For  cost  and  eye-safety  reasons,  there  is  a  limit 
of  how  powerful  the  emitted  radiation  can  be.  For 
Raman-scattering  lidars,  various  attempts  have  been  made 
to  use  the  so  called  solar-blind  region  (230-300  nm)  to 
reduce  daytime  background  noise  (Cooney  et  al.,  1980; 
Petri  et  al.,  1982;  Renaut  and  Capitini,  1988).  Extinction 
by  aerosols  is  a  fundamental  problem  for  any  remote 
sensing  technique  (acttve  or  passive)  using  ultraviolet, 
visible  or  infrared  radiation.  In  a  marine  environment  the 


most  severe  ducting  conditions  occur  when  a  strong 
temperature  inversion  is  present.  Stratus  clouds  form 
frequently  when  there  is  a  strong  temperature  inversion. 
The  height  of  the  rapid  humidity  decrease  occurs  just 
above  the  top  of  the  stratus  cloud  which  means  the  laser 
energy  has  to  penetrate  the  cloud  from  below  and  travel 
back  to  the  ground-based  receiver.  Figure  12  shows  the 
additional  attenuation  a  laser  signal  encounters  by 
travelling  through  a  stratus  cloud  of  a  given  thickness. 
The  data  used  for  calculating  the  extinction  curves  in 
figure  12  are  based  on  stratus  clouds  having  a  mixture  of 
marine  and  continental  aerosols  (Noonkester,  1985). 
From  this  graph,  one  can  see  that  a  vertically  pointing, 
ground-based  530  nm  lidar  systems  looses  43  dB  in  signal 
when  penetrating  a  150  m  thick  stratus  cloud.  It  is 
doubtful  that  any  realistic  lidar  could  handle  such 
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Figure  13.  Refractivity  profiles  inferred  from  aerosol 
backscatter  (dashed)  and  derived  from  radiosonde 
(solid). 


attenuation  values. 

An  interesting  attempt  to  deduce  water  vapor  profiles 
from  lidar  measurements  of  aerosol  backscatter  is 
described  by  Hughes  et  al.  (1992).  The  technique  is  based 
on  a  correlation  between  aerosol  dropsize  distribution  and 
relative  humidity.  An  example  of  modified  refractivity 
profiles  deduced  from  aerosol  lidar  and  calculated  from 
radiosonde  measurements  is  displayed  in  figure  13 
showing  a  good  agreement.  This  technique  will  also  not 
work  under  high  extinction  (clouds)  conditions. 

Radiometric  Techniques 

Radiometric  techniques  are  widely  used  in  remote  sensing 
for  determining  temperature  and  humidity  profiles  (Ulaby 
etal.,  1981;  1986;  Janssen.  1993).  They  are  passive  and 
are,  therefore,  ideally  suited  for  situations  where  active 
emissions  are  undesirable.  The  downwelling  sky 
radiometric  or  brightness  temperature  in  the  zenith 
direction  T^v)  is  related  to  the  water  vapor  profile  pjz) 

Tg(v)=fjfy^(v^)pjz)dz  (2) 


py  (9  m*3) 

Figure  14.  Radiometrically  retrieved  water  vapor  profile 
p,(z)  (dashed)  and  radiosonde  profile  (solid). _ 

profiles  since  temperature  profiles  have  a  smaller  relative 
variability  about  their  mean  profile  than  humidity  profiles. 
For  anomalous  radio  propagation  assessment,  height  and 
gradient  of  humidity  profile  changes  are  important; 
presently  available  microwave  radiometry  methods  are  far 
from  producing  humidity  profiles  with  a  vertical 
resolution  suitable  for  anomalous  propagation  assessment. 
Figure  14  shows  an  example  of  a  radiometrically  retrieved 
water  vapor  profile  and  a  radiosonde  profile.  The  strong 
vertical  gradient  around  200  mb  above  the  surface  as  well 
as  the  fluctuations  below  are  not  evident  in  the 
radiometrically  sensed  profile  (Westwater  and  Decker. 
1977). 


where  the  weighting  function  for  water  vapor,  W'.fx.z)  is 
given  by 

»F,(v,z)=ic.(z)^e''®  (3) 

P,(z) 

T(z)  is  the  atmospheric  temperature  profile,  t,  the  optical 
thickness,  »  the  frequency,  and  k,(z)  the  absorption 
coefficient  (which  is  approximately  the  water  vapor 
absorption  coefficient  for  measurements  taken  in  the 
vicinity  of  water  vapor  absorption  lines  and  under  clear 
sky  conditions).  Radiometric  retrieval  techniques  are  not 
well  suited  for  obtaining  rapidly  varying  parameters. 
They  provide  better  results  for  retrieving  temperature 


Other  attempts  to  measure  humidity  profiles  have  recently 
been  made  using  a  high  resolution  interferometer  sounder 
(HIS)  operating  in  the  5  -  20  pm  band  (Rugg,  1992). 
While  this  technique  showed  some  minor  improvements 
compared  to  microwave  radiometry,  it  still  does  not 
produce  humidity  profiles  with  a  resolution  suitable  for 
radio  propagation  assessment  purposes.  Figure  IS  shows 
a  comparison  of  temperature  and  dewpoint  profiles 
retrieved  from  the  HIS  to  radiosonde  measurements 
(Wash  and  Davidson,  1994).  The  radiometrically 
retrieved  temperature  profile  is  in  good  agreement  with 
the  radiosonde  while  the  radiometrically  retrieved 
dewpoint  profile  misses  the  vertical  gradients  that  are 
crucial  to  propagation  assessment. 


techniques  have  been  proposed  to  use  satellite  data  such 
as  visible  and  infrared  imagery  to  infer  ducting  conditions. 
Rosenthal  and  Helvey  (1992)  have  pioneered  subjective 
and  objective  techniques  and  demonstrated  remarkable 
success  in  relating  cloud  patterns  to  ducting  conditions  in 
the  Southern  California  off-shore  area.  Their  approach 
assumes  an  inversion-dominated  weather  regime  with  low 
stratus  or  st  ’ouds  that  are  lowest  and  flattest 

over  the  easi  .  ihe  subtropical  oceans  where  the 

overlying  inversion  is  lowest  and  strongest.  They 
developed  statistical  relationships  between  cloud  patterns 
and  radiosonde-derived  ducting  conditions.  They  also 
derived  an  objective  duct  height  estimate  by  correlating 
radiosonde  statistics  to  cloud-top  temperatures  deduced 
from  infrared  imagery  (Rosenthi  and  Helvey,  1994). 

Radio  Propagation  Techniques 

One  remote  sensing  technique  of  high  potential  for 
operational  assessment  involves  monitoring  known  radio 
transmitters.  Especially  in  coastal  regions,  one  usually 
finds  an  abundance  of  land-based  transmitters  which  can 
be  passively  monitored  off-shore.  Signal  levels  of  known 
emitters  may  be  related  to  refractivity  structure.  Hitney 
(1992)  used  refractivity  profile  statistics  in  the  S. 
California  coastal  region  to  derive  correlations  between 


In  conclusion,  microwave  and  infrared  radiometry,  by 
themselves,  are  presently  not  capable  of  retrieving  vertical 
humidity  profiles  with  an  accuracy  necessary  for  radio 
propagation  assessment  purposes.  However,  radiometry 
can  play  an  important  role  as  one  component  in  a  data 
assimilation  system  consisting  of  sensed  and  modeled 
fields. 

Satellite  Sensing  Techniques 

Because  of  the  potential  for  global  coverage,  refractivity 
sensing  from  satellites  would  be  very  desirable.  In 
principle,  all  of  the  above  mentioned  remote  humidity 
profile  (refractivity)  sensors  could  be  deployed  from 
satellites  and  some  already  are  (radiometers).  Because  of 
the  limitations  of  the  remote  refractivity  sensors  discussed 
above,  none  are  likely  to  provide  the  desired  information  radio  signals  and  height  of  the  trapping  layer,  which 

by  themselves.  For  determining  evaporation  duct  heights,  usually  coincides  with  the  base  of  the  temperature 

which  require  no  continuous  profile  data  but  only  four  inversion  in  this  region.  Figure  16  shows  the  base  of  the 

surface  or  near-surface  parameters.  Cook  (1992)  has  temperature  inversion  measured  by  various  direct  sensing 

proposed  a  scheme  of  combining  satellite-sensed  (ocean  techniques  (filled  and  open  circles)  at  various  locations 

surface  temperature,  near-surface  wind  speed,  and  along  a  148  km  over-water  propagation  path  between  San 

radiometry)  data  with  outputs  from  numerical  weather  Diego  and  San  Pedro.  The  solid  line  is  the  inferred 

models  in  data  assimilation  systems.  This  kind  of  an  height  of  the  base  of  the  temperature  inversion  based  on 

approach  is  very  likely  to  become  more  important  in  the  547  MHz  radio  propagation  measurements  along  the  path 

future  (Wash  and  Davidson,  1994).  Additional  interesting  (Hitney,  1992).  This  single-path,  single-frequency 


method  can  undoubtedly  be  improved  by  using  multiple 
paths  and  multiple  frequencies.  Part  of  the  above 
mentioned  VOCAR  effort  addresses  remote  sensing  based 
on  propagation  data  (Rogers,  1994). 

Shipboard  radars  may  sense  returns  from  the  sea  surface 
and,  in  the  presence  of  ducting,  these  sea-surface  clutter 
returns  may  be  modified  by  atmospheric  refractivity.  An 
example  are  clutter  rings  that  are  caused  by  multiple 
bounces  of  a  radar  signal  between  an  elevated  relmctive 
layer  (responsible  for  a  surface-based  duct)  and  the  sea 
surface.  In  that  case,  the  height  of  the  reflecting  layer 
(height  of  the  duct)  can  be  calculated  from  the  geometry 
involved.  Much  more  difficult  is  separation  of  the 
combined  effects  of  sea-clutter  enhancement  and 
evaporation  ducting.  The  ocean-surface  properties 
affecting  clutter  (such  as  wind  speed  and  direction)  are  not 
necessarily  related  to  evaporation  duct  parameters  and 
both  effects  ate  measured  simultaneously.  No  reliable 
technique  has  been  proposed  to  separate  the  two  effects, 
which  is  necessary  before  shipboard  radars  may  be  used 
as  evaporation  duct  sensors. 

Another  technique  involves  radio  signals  emitted  from 
satellites  in  an  attempt  to  relate  refractive  bending  to 
refractivity  structure.  The  bending  effect  is  only 
significant  within  a  few  degrees  of  the  horizon  and, 
therefore,  primarily  of  interest  over  oceans  where 
unobstructed  horizons  are  found.  Refractivity  structure 
may  be  deduced  from  a  shift  in  the  observed  interference 
pattern  when  compared  to  standard  conditions  (Anderson, 
1982).  Anderson  (1982)  had  moderate  success  inferring 
refractivity  profiles  but  not  with  sufficient  reliability  ;o 
recommend  the  technique  for  routine  use.  This  technique 
is  presently  being  reexamined  using  Global  Positioning 
System  (GPS)  signals  which  have  much  higher  phase 
stability  than  previously  available. 

One  very  important  aspect  of  remote  sensing  using  radio 
propagation  data  is  that  the  path-integrated  effect  of 
refractivity  can  be  measured  instantaneously  to  any 
degree  of  desired  accuracy.  The  accuracy  of  data 
assimilation  systems  based  on  remote  and  direct  sensors, 
numerical  meteorological  models,  and  other  information 
is  very  difficult  to  verify  experimentally  because  this 
requires  extensive  measurements  in  both  space  and  time. 
Modelers  have  argued  that  their  models  are  better  than 
our  present  ability  to  measure  the  temporal  and  spatial 
structure  of  interest.  That  argument  does  not  apply  to 
careful  radio  propagation  measurements;  any  data 
assimilation  system  addressing  refractivity  can  and  should 
be  objectively  and  quantitatively  evaluated  by  propagation 
data. 

3.4  Data  Assimilation  Systems 
It  is  obvious  from  the  foregoing  that  there  is  no  single 
sensing  technique  that  can  provide  the  needed  reiiactivity 
information  continuously  and  reliably.  Neither  can  it  be 
expected  that  such  a  technique  will  ever  be  available. 


Even  if  it  were,  for  military  applications  an  ability  to 
forecast  propagation  conditions  is  as  important  as  a 
nowcasting  capability.  Meteorological  mesoscale  models 
are  presently  available  with  20  km  horizontal  grid  spacing 
and  30  levels  total  in  the  vertical;  there  are  ten  grid  points 
in  the  first  500  m  with  a  25  m  spacing  near  the  surface 
and  75  m  near  500  m.  Newer  models  being  tested  now 
have  a  10  km  grid  spacing  and  a  total  of  36  levels  in  the 
vertical  (Burk  et  al.,  1994;  Thompson  et  al.,  1994).  A 
data  assimilation  system  comprising  such  models  and 
utilizing  remotely  and  directly  sensed  refractivity  data  is 
undoubtedly  the  right  approach  to  describe  and  forecast 
refractivity  conditions.  A  major  objective  of  the 
previously  mentioned  VOCAR  program  is  providing  a 
data  base  to  evaluate  a  data  assimilation  system  under 
development  by  the  US  Navy. 


4.  AEROSOL  EXTINCTION 
4.1  Structure  and  Variability 

The  high  emphasis  on  smart  weapons  with  eiectrooptical 
(EO)  sensors  is  putting  increasing  demands  on  assessment 
of  atmospheric  EO  effects.  In  comparison  to  refractivity 
assessment  where  the  spatial  scales  of  interest  are  in  the 
tens  to  hundreds  of  km,  for  EO  applications  the  scales  of 
interest  are  usually  an  order  of  magnitude  less.  Also, 
atmospheric  variability  can  be  much  larger  for  EO 
systems  than  for  those  dependent  on  radio  refractivity. 
For  example,  the  extinction  of  a  cloud  may  be  many 
hundreds  of  dB  above  clear  conditions,  which  poses  a 
particularly  challenging  problem  for  real-time  prediction 
of  EO  propagation  conditions  through  broken  clouds.  To 


illustrate  the  complexity  of  EO  propagation  assessment,  an 
example  is  presented  which  does  not  even  involve  clouds 
(Richter  and  Hughes,  1991).  Figure  17  shows  predicted 
and  measured  detection  ranges  for  an  airborne  thermal 
imaging  system  (Forward  Looking  Infrared  or  FUR) 
against  a  large  ship  target.  The  scatter  in  figure  17  is 


ill 


indicative  of  the  uncertainty  in  many  parameters 
contributing  to  detection  range  calculations;  there  is  the 
subjective  element  of  the  operator  to  call  a  signal  on  the 
screen  a  detection;  the  general  condition  and  calibration  of 
the  complex  hardware  involved;  the  adequt^y  of 
meteorological  data,  which  may  come  from  other 
locations  and  taken  at  different  times;  the  validity  of 
models  that  translate  observed  meteorological  data  mto 
parameters  important  for  EO  propagation  such  as  aerosol 
extinction;  and  the  variability  of  all  factors  affecting 
propagation  along  the  path.  Considering  the  potential 
contribution  that  each  of  the  above  uncertainties  may  have 
on  the  detection  range  calculation,  the  scatter  in  figure  17 
is  not  unexpected.  It  is,  however,  unacceptable  for  the 
operational  use  of  thermal  imaging  systems  and  steps  need 
to  be  taken  to  reduce  the  scatter  and  provide  more  precise 
detection  range  predictions. 

There  are  four  atmospheric  parameters  which  affect  EO 
propagation;  (a)  molecular  extinction;  (b)  turbulence;  (c) 
refraction;  (d)  extinction  (i.e.,  absorption  and  scattering) 
by  aerosols.  Molecular  extinction  by  the  various  gases 
found  in  the  atmosphere  is  well  understood  for  most  EO 
systems  applications.  Molecular  extinction  can  be  quite 
severe  in  certain  spectral  regions,  which  EO  systems 
either  avoid  or  sometimes  exploit.  Atmospheric 
turbulence  may  degrade  the  coherence  of  a  high-resolution 
image  or  change  the  precise  position  of  a  laser  beam  and 
thereby  limit  the  performance  of  a  system.  Refraction 
may  bend  the  propagation  of  optical  energy  and  may,  for 
example,  shorten  or  extend  the  optical  horizon.  In  the 
following,  only  the  question  of  sensing  aerosol  extinction 
is  addressed  since  aerosol  extinction  is  by  far  the  most 
significant  limitation  for  EO  sensors  and  also  it  is  the 
most  difficult  to  measure  and  predict. 

4.2  Direct  Sensing  Techniques 

Detection  and  sizing  of  aerosol  particles  can  be  done  by 
passing  an  air  sample  through  a  laser  beam  and  measuring 
the  scattered  radiation.  An  example  is  the  family  of 
"Knollenberg"  drop-size  spectrometers  available  from 
Particle  Measuring  Systems.  An  evaluation  of  these 
devices  was  done  by  Jensen  et  al.  (1983).  Usually  more 
than  one  drop-size  spectrometer  is  needed  since  no  single 
instrument  is  capable  of  measuring  aerosol  distributions 
ranging  from  submicron  to  tens  of  microns  in  diameter 
with  number  densities  (numbers  of  aerosols  per  unit 
volume)  spanning  more  than  12  orders  of  magnitude  over 
these  size  ranges.  OtJ  methods  to  determine  aerosol 
concentration  and  sizes  include  impaction  devices,  cloud 
chambers,  electrostatic  mobility  devices  and  centrifuges. 
Other  instruments  measure  the  combined  molecular  and 
aerosol  volume  scattering  (nephelometers  and  visibility 
meters)  and  extinction  (transmissometers).  The  above 
instruments  are  delicate  and  expensive  optical  instruments 
and  not  suited  for  all  applications.  In  particular,  unlike 
the  radiosonde,  they  are  neither  light-weight  nor 
expendable,  which  limits  vertical  profiling  to  tethered 
balloons  or  aircraft.  The  above  instruments  may  be 
impractical  even  for  point-measurements  such  as  the 


measurement  of  large  aerosols  close  to  the  ocean,  which 
are  important  for  near-horizon  passive  infrared  (IR) 
detection  of  low-flying  anti-ship  missiles.  De  Leeuw 
(1986a;  1986b)  used  a  RotorovT'^  impactor  to  collect  near¬ 
surface  large  aerosols  for  analysis  under  a  microscope. 
The  Rotorod™  (available  from  Sampling  Technologies, 
Los  Altos,  California)  is  a  volumetric,  rotating-arm 
impactiou  di.>icc  capable  of  obtaining  quantitative  aerosol 
data  in  the  10  -  100  micron  size  range. 

4.3  Remote  Sensing  Techniques 

Lidars 

The  desire  for  vertical  or  slant-path  extinction  profiles 
prompted  numerous  attempts  to  employ  lidars  as  described 
by  Richter  et  al.(1992).  The  utility  of  a  monostatic  lidar 
system  as  a  remote  sensor  for  obtaining  temporal  and 
spatial  information  about  the  dynamic  processes  of  the 
atmosphere  is  well  established  (Noonkester  et  al.,  1972). 
By  measuring  the  power  backscattered  from  a  laser  pulse 
at  a  given  range  to  a  receiver,  the  movement  and  relative 
concentrations  of  naturally  occurring  aerosols,  industrial 
pollutants  or  battlefield  obscurants  can  be  monitored  and 
the  bases  of  clouds  determined.  Remote  moping  of  wind 
velocities  and  flow  patterns  over  large  portions  of  the 
atmosphere  can  also  be  carried  out.  In  these  applications, 
the  lidar  is  used  as  a  tracer  of  aerosols  that  scatter  the 
incident  radiation  rather  than  as  a  probe  for  studying  the 
aerosols’  optical  properties. 

For  a  given  aerosol  size  distribution,  extinction  can  be 
determined  from  Mie  theory  assuming  that  aerosols  scatter 
and  absorb  radiation  as  if  they  were  spheres  of  known 
refractive  indices.  For  example,  in  the  well-mixed  marine 
boundary  layer,  relative  humidities  are  usually  high 
enough  that  most  of  the  aerosols  are  hydrated,  taking  on 
a  spherical  sh^.  But  above  the  boundary  layer,  where 
relative  humidities  are  lower,  aerosols  may  be  non-spheri- 
cal.  In  such  cases,  the  optical  properties  predicted  for 
spheres  may  differ  by  as  much  as  an  order  of  magnitude 
from  those  observed. 

The  single-scatter  lidar  equation  is  given  by  the  relation 

r 

S(r)=ln[P(r)r^]=/nA+lnP(r)-2  f  a(r')dr'  (4) 

0 

In  this  equation  P(rJ  is  the  power  received  from  a 
scattering  volume  at  range  r,  K  is  the  instrumentation  con¬ 
stant,  and  /3(r)  and  a(r)  are  the  volumetric  backscatter  and 
extinction  coefficients,  respectively.  In  differential  form 
this  equation  is 

®=_L«-2a(r)  (5) 

dr  P(r)  dr 

The  solution  of  equation  (5)  requires  knowing  or  assuming 
a  relationship  between  0(r)  and  a(r).  However,  if  the 
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aunosphere  is  homogeneous,  the  extinction  coefficient  can 
be  simply  expressed  in  terms  of  the  rate  of  change  of 
signal  with  range,  i.e.,  a  =  -H  [ds(r)/drf.  A  plot  of  S(r) 
vs.  r  would  then  yield  a  straight  line  whose  slope  is  -la. 

Various  authors  (Klett,  1981;  Kohl,  1978)  have  presented 
solutions  to  equation  (5)  by  assuming  a  functional  rela¬ 
tionship  between  backscatter  and  extinction  to  be  of  the 
form 
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o{r)=- 


C(0 


exp(5(r)] 


— +2  [ explSir  )]dr ' 
C(r;o(r;  J 


(11) 


where  the  constant  k  has  been  chosen  to  be  unity. 


P(r)=Co(r)* 


(6) 


where  C  and  k  are  not  dependent  upon  r.  In  this  case, 
only  the  aerosol  number  density  is  allowed  to  vary  with 
range  and  not  the  size  distribution.  When  the  integration 
is  performed  in  the  forward  direction  from  a  range  ro, 
where  the  transmitted  beam  and  receiver  field-of-view 
overlap,  to  a  final  range  r,  the  extinction  coefficient  is 
given  by 


o(r)= 


exp[5(r)l 


exp[S(r^] 

a(''o) 


-ij exp[S(r^]dr' 


(7) 


where  a{ra/  is  the  unknown  contribution  to  extinction  out 
to  the  overlap  range. 

The  instabilities  encountered  in  equation  (7)  can  be 
overcome  by  performing  the  integration  in  the  reverse 
direction  from  a  final  range,  in  toward  the  transmitter. 
In  this  case  the  extinction  coefficient  is  given  by. 


o(r)= 


exp[5(r)] 


exp[5(rp] 


'f 

+2yexplS(r')]dr'' 


(8) 


Klett  (1981)  discussed  the  instabilities  inherent  in  equation 
(7)  due  to  the  negative  sign  in  the  denominator  and  the 
uncertainties  in  the  boundary  value  a(r^.  In  order  to 
determine  the  appropriate  value  of  o(ri)  from  the  raw 
lidar  return,  the  values  of  C  and  k  ^propriate  for  the 
existing  air  mass  must  be  known.  While  the  value  of  k  is 
usually  close  to  unity,  a  critical  problem  is  determining 
the  proper  choice  of  C.  From  the  work  of  Barteneva 
(1960),  a  change  greater  than  an  order  of  magnitude  can 
be  inferred  in  the  value  of  C  between  clear  air  and  fog 
conditions.  Kunz  (1983)  proposed  that,  for  situations 
where  the  lower  levels  of  the  atmosphere  appeared  hori¬ 
zontally  homogeneous,  a(r^  could  be  determined  from  the 
return  of  a  horizontal  lidar  shot  by  means  of  the  slope 
method,  and  then  used  as  the  boundary  value  in  equation 
(7)  for  calculating  the  extinction  in  the  vertical  direction. 
The  ^proach  necessarily  assumes  the  ratio  /3/a  remains 
constant  with  altitude,  and  that  the  linear  decrease  of 
return  signal  with  range  is  indeed  indicative  of  a 
homogeneous  atmosphere.  Caution  must  be  applied  in 
interpreting  linear  decreases  of  S{r)  with  range  as  being 
related  to  homogeneous  conditions.  Kunz  (1987a)  has 
reported  examples  of  vertical  lidar  returns  beneath  clouds 
that  seemingly  originated  from  a  homogeneous  atmosphere 
without  a  reflection  from  cloud  base.  In  conditions  where 
the  aerosol  size  distribution  is  increasing  with  range,  an 
increase  in  backscattered  power  can  be  balanced  by  a 
decrease  in  power  caused  by  attenuation. 


where  a/r^)  is  the  unknown  value  of  extinction  at  the  final 
range.  Solutions  to  the  single-scatter  lidar  equation  have 
been  presented  for  the  reverse  and  forward  integration 
cases  (Bissonette,  1986)  where  the  relationship  between 
the  backscatter  and  extinction  coefficients  is  assumed  to 
vary  with  range  according  to 

P(r)=C(r)a(r)*  W 

where  k  is  a  constant.  For  the  forward  integration  case 
the  extinction  coefficient  as  a  (unction  of  range  is  given 
by 


o(r)=- 


Cir) 


exp[S(r)j 


*^^PWL2/-Lexp[5(r-))dr- 

C(ro)o(ro)  Jar) 


(10) 


and  for  the  reverse  integration  case  by 


While  equation  (8)  is  "stable",  it  is  difficult  to  use  in  a 
practical  sense  unless  there  is  another  independent 
determination  of  afry.  For  fog  conditions,  the  first  term 
in  the  denominator  of  equation  (8)  becomes  negligible,  but 
in  these  situations  the  single  scatter  lidar  equation  is  not 
applicable.  Camuth  and  Reiter  (1986)  used  an  approach 
to  invert  lidar  returns  beneath  stratocumulus  clouds  by 
assuming  a(r^  to  be  equal  to  accepted  values  of  cloud 
base  extinction  coefficient  (10  km  '  ^  afrj)  <  30  km  '). 
This  approach  still  assumes  that  /3/a  is  invariant  with 
altitude.  Lindberg,  e  1 984)  have  also  presented 

measurements  benea.:  aus  clouds  in  Europe. 

Extinction  coefficients  lermined  by  the  reverse 
integration  technique  agreed  reasonably  well  with  those 
calculated  from  balloon  borne  particle  measurements  and 
point  measurements  of  visibility  when  the  atmosphere  was 
horizontally  homogeneous  and  stable.  The  method  by 
which  a(r^  was  chosen  is  not  clear  since  the  authors  only 
stated  that  an  iteration  procedure  was  used.  Ferguson  and 
Stephens  (1983)  also  used  an  iterative  scheme  in  an 
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attempt  to  select  the  value  of  a(r^.  The  value  of  at 
a  close-in  range  (where  the  returned  signal  is  well  above 
the  system  noise)  was  varied  until  the  a(r)  determined 
ftom  equation  (8)  allowed  calculated  and  measured  values 
of  S(r)  to  agree.  The  chosen  value  of  a(r^  was  then  used 
as  a(ro)  in  equation  (7)  to  integrate  out  from  the 
transmitter.  This  procedure  requires  the  system  to  be 
accurately  calibrated  and  the  value  of  fi/a  to  be  specified 
and  invariant  with  range.  Hughes  et  al.  (198S)  showed 
the  extinction  coefficients  calculated  with  this  algorithm 
were  not  unique  and  were  extremely  sensitive  to  the 
chosen  value  of  0/a.  Bissonnette  (1986)  pointed  out  that 
unless  the  system  calibrations  and  0/a  are  accurately 
known,  this  algorithm  is  no  more  stable  than  the  forward 
integration  solution. 

Camuth  (1989)  has  attempted  to  verify  the  reverse 
integration  technique  (Klett’s  method)  by  making 
measurements  of  the  visual  range  using  an  integrating 
nephelometer  to  obtain  a(rf)  at  the  end  of  a  slanted  lidar 
path  (7  km)  up  the  side  of  a  mountain.  Optical  depth 
derived  from  a  transmissometer  operated  simultaneously 
with  the  lidar  were  in  agreement  with  those  derived  from 
the  averages  of  several  lidar  returns  in  cases  where  the 
path  appeared  homogeneous.  In  other  cases, 
discrepancies  were  observed  that  the  authors  attributed  to 
the  variable  ratio  of  0/a  along  the  path  (in  addition  to 
measurement  errors  and  the  neglect  of  multiple  scattering 
effects).  Salemink  et  al.  (1984)  determined  values  of  a 
and  0  from  horizontal  lidar  shots  using  the  slope  method 
when  the  atmosphere  appeared  to  be  horizontally 
homogeneous.  They  then  presented  a  parameterization 
between  values  of  0/a  and  relative  humidity  (33%  ^  RH 
<  87%).  When  the  parameterization  was  used  to  inve- 
visible  wavelength  lidar  returns  in  the  vertical  direction, 
the  derived  extinction  coefficient  profiles  (using  radio¬ 
sonde  measurements  of  relative  humidity)  sometimes 
agreed  reasonably  well  with  those  measured  by  aircraft 
mounted  extinction  meters.  In  contrast,  de  Leeuw  et  al. 
(1986)  using  similar  types  of  lidar  measurements  did  not 
observe  a  distinct  statistical  relationship  between 
backscatter  and  extinction  ratios  and  relative  humidity. 
Fitzgerald  ( 1984)  pointed  out  that  other  factors  such  as  the 
aerosol  properties  can  strongly  affect  the  relationship  be¬ 
tween  0/a  and  relative  humidity  and  that  the  power  law 
relationship  is  not  necessarily  valid  for  relative  humidities 
less  than  about  80% .  A  unique  relationship  between  C(r) 
and  relative  humidity  that  is  dependent  on  the  air  mass 
characteristics  is  yet  to  be  developed. 

An  assumed  relationship  between  backscatter  and 
extinction  coefficients  can  be  eliminated  by  comparing  the 
powers  returned  from  a  volume  common  to  each  of  two 
lidars  located  at  opposite  ends  of  the  propagation  path. 
For  this  double-ended  lidar  configuration,  the  range- 
dependent  extinction  coefficient  can  be  shown  (Hughes 
and  Paulson,  1988;  Kunz,  1987b)  to  be  related  to  the 
slope  of  the  difference  in  the  range  compensated  powers 
measured  by  the  two  lidars  at  the  common  range  r  by  the 


equation 

1  d  (12) 

o(r)  =  -i4(S(r),-S(r)j] 

4  dr 

However,  the  receiver  gain  of  both  lidars  must  be 
accurately  known  since  it  affects  the  slope  characteristics 
of  the  individual  S(r)  curves.  Although  the  double-ended 
technique  has  practical  limitations  for  tactical  situations, 
e.g.,  for  slant  path  measurements  at  sea,  it  is  feasible  to 
use  it  in  aerosol  studies  and  to  evaluate  various  single- 
ended  schemes  for  measuring  extinction.  Hughes  and 
Paulson  (1988)  used  the  double-ended  lidar  configuration 
over  a  1  km  inhomogeneous  slant  path  to  demonstrate  that 
if  the  value  of  C{r)  varies  with  range,  but  is  assuiiKd  to 
be  a  constant,  neither  the  single-ended  forward  or  reverse 
integration  algorithms  will  allow  range-dependent 
extinction  coefficients  to  be  detennined  with  any  assured 
degree  of  accuracy  even  if  the  initial  boundary  values  are 
specified.  If,  however,  the  manner  in  which  C(r)  varies 
is  specified,  both  the  forward  and  reverse  single-ended 
inversions  reproduce  the  double-ended  measurements 
remarkably  well. 

In  situations  where  the  different  layers  of  the  atmosphere 
are  horizontally  homogeneous,  the  need  for  knowing  the 
relationship  between  the  backscatter  and  extinction 
coefficient  can  be  eliminated  by  comparing  the  range 
compensated  powers  received  from  each  altitude  along 
two  or  more  different  elevation  angles  (Russell  and 
Livingston,  1984;  Paulson,  1989).  Assuming  extinction 
and  backscatter  coefficients  to  vary  only  in  the  vertical 
c  .rection,  the  optical  depth  r  between  any  two  altitudes 
can  be  shown  to  be 

[S(R,)-S(R^]-[S(R,)-S(/Jj)] 

’  _ L, 

sin(^2  sinif), 

where  S(R,)  and  5('/?2)  are  the  range  compensated  powers 
returned  along  slant  ranges  R,  and  Rj  from  an  altitude  h, 
with  the  lidar  elevated  at  angles  4>i  and  respectively. 
Similarly,  S/Rj)  and  S(RJ  refer  to  the  range  compensated 
powers  relumed  from  an  altitude  hj.  In  principle,  if  the 
atmosphere  were  horizontally  homogeneous,  the  lidar 
beam  could  be  swept  in  elevation  and  the  method  used 
between  closely  separated  angles  to  obtain  an  incremental 
profile  of  extinction  and  backscatter  (Kunz,  1988).  The 
smaller  angular  separations,  however,  place  stringent  re¬ 
quirements  on  the  accuracies  for  measuring  the  range 
compensated  powers  (Paulson,  1989).  Also,  the  works  of 
Russell  and  Livingston  (1984),  and  Spinhirae  et  al.  (1980) 
concluded  that  the  atmosphere  within  the  convectively 
mixed  marine  boundary  layer  rarely,  if  ever,  has  the 
degree  of  homogeneity  required.  Atlas  et  al.  (1986) 
presented  examples  of  lidar  returns  observed  from  an 
aircraft  above  the  marine  boundary  layer.  Returns  from 


within  the  mixed  layer  showed  updrafts  canying  aerosol- 
rich  air  upward  and  entrainment  of  aerosols  from  above 
into  the  mixed  layer  indicating  a  great  degree  of 
inhomogeneity  of  aerosol  characteristics. 

It  has  been  demonstrated  by  Paulson  (1989)  that  the 
double  angle  technique  can  be  used  to  determine  the 
extent  to  which  the  atmosphere  is  horizontally 
homogeneous.  In  these  studies,  data  were  taken  beneath 
a  thin  stratus  cloud  layer  at  about  5(X)  meters.  Two  cali¬ 
brated  visioceilometer  lidars  (Lindberg  et  al.,  1984)  were 
operated  side-by-side  on  the  west  side  of  the  Point  Loma 
Peninsula  at  San  Diego,  California  and  point«l  west  over 
the  Pacific  Ocean.  A  series  of  nearly  simultaneous  shots 
were  made  with  the  one  lidar  elevated  at  an  angle  of  25° 
and  the  other  at  50°.  S(r)  values  for  each  of  the  lidars 
(determined  using  5 -point  running  averages  of  the  raw 
data)  showed  increasing  returns  with  increasing  range  that 
fluctuated  about  one  another  at  different  ranges  which 
indicated  an  inhomogeneous  condition.  The  optical  depths 


between  different  altitudes  determined  from  equation  (13) 
are  shown  in  table  1 .  The  optical  depth  between  275  and 
475  meters  is  only  0.15,  while  that  from  375  to  475 
meters  is  more  than  three  times  greater  (0.49).  If  the  data 
were  representative  of  horizontally  homogeneous 
conditions,  the  optical  depth  up  to  475  meters  should 
consistently  decrease  as  h,  increases.  These  data 
demonstrate  that,  even  though  the  magnitude  of  S(r)  from 
a  horizontal  lidar  return  decreases  linearly  with  range, 
horizontal  homogeneity  at  higher  altitudes  can  only  be 
assured  if  optical  depths,  measured  by  the  two-angle 
method,  decrease  within  the  boundary  layer. 

Range-dependent  extinction  coefficients  cannot  be 
determined  from  single-ended  lidar  measurements  with 
any  assured  degree  of  accuracy  unless  either  the  backscat- 
ter/extinction  coefficient  ratio  is  known  along  the 
propagation  path  or  the  atmosphere  is  horizontally 


homogeneous.  If  the  conditions  exist  for  which  the 
foiward  inversion  algorithm  is  stable,  the  double-ended 
lidar  work  has  shown  that  a  single-ended  lidar  inversion 
technique  would  be  possible  when  augmented  with  a 
close-in  measurements  of  extinction  and  measurements  to 
relate  C(r)  to  air  mass  characteristics  and  to  relative 
humidity.  While  the  works  of  Mulders  (1984)  and  de 
Leeuw  et  al.  (1986)  have  concluded  no  relationship  exists 
between  C(r)  and  relative  humidity,  their  measurements 
did  not  account  for  changes  in  the  air  mass  characteristics. 
Simultaneous  lidar  measurements  and  air  mass 
characteristics  (e.g.,  radon  and  condensation  nuclei)  need 
to  be  conducted  to  identify  their  relationship  to  relative 
humidity  profiles.  Whether  or  not  such  a  relationship  can 
ever  be  identified  in  a  practical  sense  is  yet  to  be 
determined. 

For  a  single-ended  lidar  to  become  a  useful  operational 
tool,  innovative  concepts  need  to  be  pursued.  A  single- 
ended  lidar  technique  has  been  proposed  by  Hooper  and 
Gerber  (1986;  1988)  to  measure  optical  depths  when  used 
looking  down  from  an  aircraft  or  satellite  at  the  ocean 
surface  and  when  the  reflection  properties  of  the  surface 
are  known.  In  this  technique,  two  detectors  are  used: 
one  with  a  narrow  field-of-view,  which  measures  the 
power  directly  reflected  off  the  rough  ocean  surface  and 
another  with  a  wide  field-of-view  where  the  directly 
reflected  photons  are  blocked  (aureole  detector). 
Bissonette  and  Hutt  (1989)  described  a  technique  based  on 
the  simultaneous  measurement  of  lidar  returns  at  different 
fields  of  view.  By  ratioing  these  returns,  the  need  for  a 
backscatter-to-extinction  relationship  is  eliminated.  So 
far,  none  of  these  techniques  have  been  widely  accepted. 

Finally,  even  if  a  lidar  would  produce  reliable  extinction 
profiles  at  one  wavelength,  the  question  remains  of  how 
to  extrapolate  the  data  to  other  wavelength  bands. 

Satellite  Techniques 

From  satellites,  the  total  spectral  radiance  of  the 
upwelling  light  from  the  atmosphere  can  be  sensed.  The 
radiance  consists  of  two  components,  the  first  is  reflected 
from  the  surface  (water  or  ground)  and  travels  back 
through  the  entire  atmosphere,  the  second  never  reaches 
the  surface  and  is  scattered  by  the  atmosphere  only.  If 
the  surface  reflectance  is  sufficiently  high  and  known 
(which  is  generally  the  case  for  oceans  only)  and  the  total 
optical  depth  of  the  atmosphere  is  not  too  high  (less  than 
0.08)  the  reflected  radiance  exceeds  the  atmospheric 
radiance  and  the  total  optical  depth  of  the  atmosphere  can 
be  deduced  (Griggs,  1975).  This  technique  provides 
global  data  but  is  mostly  useful  over  oceans;  it  provides 
no  vertical  structure  and  works  only  for  small  optical 
depths. 

4.4  Data  assimilation  systems 

No  single  sensing  technique  is  available  that  provides 
accurate,  three-dimensional,  time  varying  aerosol 
extinction.  Vertical  aerosol  distributions  over  water  can 
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be  related  to  commonly  observed  meteorological 
parameters  (Galhman,  1989;  Gathman  and  Davidson, 
1993).  A  data  assimilation  system  which  combines  sensed 
extinction  data  and  aerosol  profiles  calculated  from 
numerical  meteorological  mesoscale  models  is  presently 
the  best  ^proach  to  provide  extinction  data.  Such 
systems  are  under  development  but  will,  initially,  not  have 
the  resolution  desired  for  EG  systems  performance 
assessment. 

5.  CONCLUSIONS 

Direct  sensing  techniques  for  vertical  refractivity 
(humidity)  profiles  are  well  established,  are  relatively  easy 
to  obtain,  inexpensive,  and  provide  useful  results  for 
propagation  assessment  purposes.  Lidar  remote  sensing 
techniques  provide  excellent  vertical  refractivity 
(humidity)  profiles  when  background  noise  and  aerosol 
extinction  are  low.  Techniques  involving  satellite  sensors 
or  sensing  of  satellite  signals  show  promise  in  the  future. 
Direct  sensing  of  aerosol  extinction  is  also  well 
established  even  though  the  instrumentation  is  delicate  and 
expensive.  Attempts  to  remotely  sense  aerosol  extinction 
profiles  using  lidar  techniques  have  not  yet  resulted  in 
generally  available  instrumentation  that  would  provide 
data  with  adequate  and  assured  accuracy.  The  best 
approach  to  obtaining  both  refractivity  and  aerosol 
extinction  is  the  development  of  data  assimilation  systems 
which  combine  sensed  data  and  data  derived  from  high- 
resolution  meteorological  mesoscale  models. 
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1.  SUMMARY 

Radio  wave  propagation  in  the  VHF  to  EHF  bands  at  low 
elevation  angles  and  near  the  eaith's  surface  is  almost 
always  ajSected  by  refraction.  This  lecture  Avails  these 
effects  and  the  various  methods  used  to  model  them,  from 
simple  effective-eaith-radius  factors  for  standard  refraction 
to  parabolic-equation  methods  for  range-dependent  ducting 
environments.  Part  A  (ff  the  lecture  introduces  and  discusses 
refraction-related  propagation  mechanisms  and  their  effects, 
and  Pait  B  describes  propagation  models  and  uses  examples 
from  propagation  assessment  systems  and  other  propag^on 
software  to  illustrate  many  of  the  effects.  Frequencies  from 
about  30  MHz  to  100  GHz  are  considered. 

Refraction  and  Snell's  law  are  discussed  and  standard  and 
nonstandard  propagation  mechanisms  are  defined.  Standard 
propagation  mechanisms  are  fiee-space  spreading, 
reflection,  forward  scatter  from  rough  suifeces,  spherical 
earth  divergence,  optical  interference,  diffraction, 
tropospheric  scatter,  and  absorption.  Nonstandard 
mechanisms  discussed  are  evaporation  ducts,  surface-based 
ducts  from  elevated  trapping  layers,  elevated  ducts,  lateral 
inhomogeneity,  and  terrain  effects. 

To  establish  the  significance  of  nonstandard  propagation 
effects,  some  statistics  on  the  occurrence  of  ducting  around 
the  world  are  presented.  Specifically,  statistics  on  the 
strength  of  evaporation  ducts  for  selected  areas  and  on  the 
frequency  of  occurrence  of  sui&ce-based  ducts  are 
presented. 

2.  INTRODUCTION 

The  desire  to  understand  tropospheric  radio  propagation 
mechanisms  has  existed  since  the  early  days  of  ra^o.  This 
desire  became  uigent  soon  after  radars  became  widely 
available  during  World  War  II,  when  many  unusual  or 
unexpected  propagation  effects  were  observed.  A  famous 
early  example  of  anomalous  propagation  is  the  sighting  of 
points  in  Arabia  with  a  200  MHz  radar  from  Bombay, 
India,  1700  miles  away,  rqorted  by  Freehafer  [I].  The 
many  experimental  and  analytical  studies  begun  during  and 
soon  after  the  war  greatly  e^qnnded  the  scientific 
understanding  of  these  phenomena,  and  most  (ff  this 
information  has  been  well  documented  and  compiled  by 
Kerr  [2].  It  was  found  that  the  most  dramatic  propagation 


anomalies  usually  occurred  over  Wider,  where  atmospheric 
ducting  is  more  significant  and  consistertt  than  over  lattd. 
Also  the  evaporation  duct  was  discovered  in  the  mid  1940s 
{3]  to  be  a  persistent  phenomenon  found  over  water  that  is 
very  important  for  microwave  systems  operating  in  a 
maritime  environment.  These  mechanisms  are  t^n 
referred  to  collectively  as  refractive  effects 

Table  1  shows  the  International  Telecommunications  Union 
(ITU)  radio  frequency  bands.  Radio  propagation  in  the  HF 
band  is  usually  dominated  by  effects  of  the  ionosphere  and 
is  not  significantly  influenced  by  the  lower  atriMsphere.  For 
firequencies  from  VHF  to  FHF  it  is  frequently  assumed  that 
radio  waves  will  propagate  outwards  from  a  transmitter  in 
straight  lirtes  anywhere  within  the  "line  of  sight."  However, 
the  pitpagation  of  radio  waves  in  the  lower  atmosphere  is 
affected  Iw  many  processes  that  may  not  be  readily 
apparent.  Refractive  effects  imply  those  mechanisms 
directly  related  to  the  bending  of  radio  waves,  and  these 
effects  can  sometimes  be  dramatic.  However,  to  discuss 
refractive  effects  from  VHF  to  EHF  properly,  other 
mechanisms  must  also  be  considered.  The  dominant  ^ea 
on  any  path  within  the  horizon  is  spherical  spreading, 
which  in  benign  environments  may  be  the  primary 
limitation  to  the  performance  of  a  system.  For  radio 
terminals  near  the  earth's  surface,  the  coherent  interferetKe 
of  the  direct  path  energy  with  the  reflected  path  energy  will 
place  limits  on  the  performance  of  most  ^sterns.  The 
amount  of  interference  is  a  function  of  the  reflection 
coefficient  of  the  reflecting  surface,  which  may  be  affected 
by  a  rough  sur&ce,  and  the  divergence  of  the  reflected  wave 
by  the  spherical  earth.  At  ranges  near  and  just  beyond  the 
horizon,  the  dominant  mechanism  in  the  absence  of 
anomalous  refractive  effects  is  diffraction  around  the  earth's 
surface.  At  ranges  tai  beyond  the  horizon,  the  dominant 
mechanism  is  usually  forward  scatter  from  small-scale 
refractive  inhomogenieties  in  the  atmosphere,  a  process 
known  as  troposcatter.  In  addition  to  all  these  medianisms, 
absorption  ty  atmospheric  gases  and  scattering  by 
hydrometeors  in  the  atmoqrhere  are  sometimes  important. 

Although  this  paper  has  a  very  broad  title  that  could 
encompass  all  refractive  effects,  I  will  discuss  only  those 
propagation  mechanisms  that  are  considered  or  plarmed  to 
be  considered  in  the  Integrated  Refractive  Effects  Prediction 
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System  (IREPS)  |4],  the  Engiiieet's  Refractive  Effects 
Prediction  System  (EREPS)  |S],  and  the  Tactical 
Envirorunental  Support  System  (TESS)  (6|.  This  should  not 
imply  that  other  mechanisms  are  not  importanL  Indeed, 
some  ^ects  not  discussed,  such  as  rain  attenuation,  may  be 
the  dominant  effect  for  certain  frequencies  and  applications. 
Some  of  these  other  effects  ate  the  subjects  of  cmnpanion 
papers  in  this  lecture  series.  Also  I  will  not  discuss  the 
sensing  of  radio  refiactivity,  since  this  topic  is  included  in 
another  companmn  paper  in  this  series.  Much  (d  the 
material  in  this  paper  is  an  update  of,  or  taken  from,  Hitney, 
et  al.  (7]  and  AGARDograph  326  (8). 


Meaning 

Frequency  Band 

HF 

High  Frequency 

3-30  MHz 

VHF 

Very  High  Frequency 

30  -  300  MHz 

UHF 

Ultra  High  Frequency 

300  MHz- 3  GHz 

SHF 

Super  High  Ftequertcy 

3 -30  GHz 

EHF 

E.xtremely  High  Frequency 

30 -300  GHz 

Table  1.  ITU  Frequency  Bands. 

3.  REFRACTION  AND  SNELL’S  LAW 
Refraction  is  the  bending  of  the  path  taken  by  an 
electromagnetic  wave  due  to  variations  in  the  speed  of 
propagation  in  the  atmosphere.  The  refractive  inde.\  ;. 
defined  as 

n  =  cjv  (I) 

where  c  and  v  are  the  speeds  of  an  electromagnetic  wave  in 
a  vacuum  and  the  atmosphere,  reflectively.  A  typical  value 
of  n  at  the  earth's  surface  is  1.000350.  Refracthity  N  is 
defined  as 

.V=(w-l)xl0*  (2) 

such  that  the  corresponding  surface  refractivity  value  is  350. 
Refiactivity  is  related  to  atmospheric  parameters  by 

A'  =  77.6[p/7’  +  4810e/7'^|  (3) 

where  P  is  pressure  (hPa),  T  is  temperature  (K),  aixl  e  is 
partial  water  vapor  pressure  (hPa). 

A  radio  ray  is  the  locus  of  points  normal  to  a  radio  wave 
front  that  describes  the  path  the  local  wave  front  takes 
moving  through  the  atmofihere.  Snell's  law  dictates  the 
relationship  between  the  angles  of  incidence  and  the 
refractive  index  of  the  atmosphere  along  a  r^.  If  the 
atmosphere  is  considered  to  have  a  continuously  varying 
refractive  index  n,  composed  of  infinitesimal  small 
horizontal  layers,  then  Snell's  law  can  be  stated  as 

ncosa  =  H(,cosaQ  (4) 

where  a  is  the  elevation  angle  at  an  arbitrary  point  along  a 
ray,  and  Oo  and  no  are  the  elevation  angle  and  r^ractive 
index  at  one  reference  point  along  the  ray  .  In  this  form,  both 
a  and  oo  are  relative  to  the  horizontal  layers.  Since  the 
earth's  atmosphere  can  be  approximated  by  concentric 
spherical  layers,  it  is  spptoprate  to  state  Snell's  law  as 

nr  cosa  =  n^rg  cosog  (5) 

where  r  and  rg  are  radial  distances  from  the  center  of  the 
earth  to  the  arbitrary  and  refererKe  points  along  the  ray. 


respectively.  In  this  case,  a  and  ou)  are  relative  to  the  local 
horizontal  at  their  positions  along  the  ray.  Figure  1 
illustrates  the  geometry  associated  with  equation  (5) 


For  a  standard  or  normal  refiactivity  gradient,  a  radio  ray 
will  refract  downward  toward  the  earth's  surface,  but  with  a 
curvature  less  than  the  earth's  sur&ce.  Normal  gradients  are 
usually  considered  to  be  from  -79  to  0  .V  units  per  km  d* 
height,  which  are  characteristic  of  long-term  mean 
refractive  effects  for  a  particular  area.  For  example,  the 
long-term  mean  gradient  over  the  continental  United  States 
is  aifrroximately  -39  A'/km  (9).  If  the  A-gradient  exceeds  0 
A7km  in  an  atmospheric  layer,  a  radio  ray  will  bend 
upwards  and  that  layer  is  said  to  be  subrefractive  aird  has 
the  effect  of  shortening  the  distance  to  the  horizon.  If  a 
layer’s  gradient  is  between  -157  and  -79  A'/km.  a  ray  will 
still  bend  downwards  al  a  rate  less  than  the  earth's 
curvature,  but  greater  than  normal.  The  most  dramatic 
nonstandard  effects  arc  those  caused  by  gradients  less  than 
-157  A'/km  which  arc  called  trapping  gradients.  In  a 
trapping  layer,  ray  curvature  exceeds  the  earth's  curvature 
and  leads  to  the  formation  of  a  radio  duct  which  can  result 
in  propagation  ranges  &r  b^nd  the  horizoa  As  a 
convenience  in  identifying  trapping  layers  and  assessing 
propagation  effects,  the  rtKxlifred  refiactivity  M  has  been 
developed  and  is  defitted  by 

A/  =  A'  +  (fi/a)  X  10*  =  A'+.157/i  (6) 

where  h  is  height  above  the  earth's  surface  in  meters  and  a 
is  the  earth's  radius  in  meters.  A/  is  useful  in  identifying 
trailing  layers  since  trapping  occurs  for  all  negative  M 
gradients.  Table  2  lists  the  four  refractive  conditions 
discussed  above  with  their  corresponding  A'  and  M 
gradients,  and  Figure  2  illustrates  the  relative  curvature  for 
each. 


Condition 

1  N/km 

Mkm 

Trapping 

-oo 

to 

-157 

-00 

to 

0 

Superrefractive 

-157 

to 

-79 

0 

to 

78 

Normal 

-79 

to 

0 

78 

to 

157 

Subrefractive 

0 

to 

00 

157  to 

00 

Table  2.  Reactive  Corrditions. 
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The  mechanisms  controlling  radio  propagation  in  the 
troposphere  can  be  separated  into  standaid  and  nonstandard 
mechanisms.  Standard  prqngation  refers  to  a  so<aUed 
standard  atmosphere  in  which  the  radio  refractive  index 
decreases  exponentially  with  increasing  height.  At  low 
altitudes,  this  decrease  with  height  is  nearly  linear  [9|.  The 
presumption  of  a  standard  atmosphere  is  purely  for 
computational  convenience  and  is  based  on  long-term 
averages,  usually  over  large  continental  areas.  A  standard 
atmosphere  should  not  be  automatically  assumed  to  be  the 
most  common  condition  since  there  are  many  geographic 
areas  where  other  significant  propagation  conditions 
prevail.  Standard  mechanisms  also  assume  a  smooth  or 
slightly  rough  earth  surface,  such  as  the  sea  surf»:e.  The 
standard  propagation  mechanisms  that  are  discussed  here 
are  spherical  spreading,  reflection,  forward  scattering  from 
rough  surfaces,  divergence,  optical  interference,  difriraction, 
tropospheric  scatter,  and  absorption.  Nonstandard 
mechanisms  are  esaporation  ducts,  surface-based  ducts, 
elevated  ducts,  lateral  inhomogeneity,  and  terrain  effects. 

4.  LOSS  DEFINITIONS 

This  section  will  define  the  quantities  path  loss,  propagation 
loss,  and  propagation  factor  and  discuss  their  relation  to 
similar  quantities  recommended  by  the  ITU  ilO|.  In  this 
paper  radio  wave  propagation  effects  will  be  quantified  in 
terms  of  propagation  loss  or  propagation  factor  expressed  in 
decibels. 

Path  loss  is  defined  as  the  ratio  of  transmined  to  received 
power  between  loss-free  isotropic  antennas.  If  path  loss  L  is 
expressed  in  decibels,  then 

i  =  10Log(p,/p,)  (7) 

where  p,  and  p,.  are  the  power  transmitted  and  power 
received  expressed  in  the  same  units.  The  ITU  prefers  to 
call  this  quantity  basic  transmission  loss.  The  two  quantities 
are  identical,  and  I  will  continue  to  use  the  former  one  here. 

Propagation  loss  is  defined  as  the  ratio  of  the  power 
transmitted  by  an  antenna  to  the  power  received  atKrther 
antetuia  but  normalized  to  unity  gain  for  both  anteniras. 
This  definition  includes  the  effects  of  antenna  patterns  but 
not  the  gain  cS  those  antennas,  and  is  different  fiom  the 
quantity  path  loss.  Since  the  antenna  pattern  in  many  cases 
can  affect  the  loss  observed  or  computed  fiom  models, 
propagation  loss  is  a  more  accurate  description.  In  the  case 


of  two  isotropic  or  omnidirectional  anteruias,  propagation 
loss  and  path  loss  are  equal.  In  the  case  of  direoioiial 
antennas,  even  with  beamwidths  aS  only  a  few  d^rees,  if 
those  antennas  are  aligned  towards  eadi  other,  then 
propagation  loss  is  very  nearly  equal  to  path  loss  on  trans¬ 
horizon  paths. 

The  ITU  does  not  recommend  the  use  of  the  term 
propagation  loss,  recommending  instead  the  terms 
transmission  loss  or  basic  transmission  loss.  Transmission 
loss  inclutks  gains  as  well  as  patterns  for  both  antennas, 
and  is  normally  very  different  than  propagation  loss.  Basic 
transmission  loss  removes  the  effects  iff  both  gains  and 
patterns  by  substituting  loss-free  isotropic  antennas  for  the 
actual  antennas.  Although  these  terms  are  fine  for  system 
engineers  designing  radio  transmission  sy  stems,  they  are 
awlcward  for  doing  comparative  studies  of  radio 
propagation.  For  e.xample,  propagation  experiments  in 
practice  must  measure  transmission  loss.  To  compare  one 
point-to-point  measurement  with  another,  the  effects  of 
different  antenna  gains  can  be  easily  normalized,  but  the 
effects  of  antetuia  patterns  catmot,  since  these  effects  are 
mixed  in  with  other  propagation  effects.  Thus  basic 
transmission  loss  cannot  in  general  be  determined  from 
measured  data,  w  hile  propagation  loss  can. 

Propagation  factor  F  in  decibels  is  defined  as 

F  =  20Log[£'/£o]  (8f 

where  £  is  the  field  strength  at  a  point,  including  antenna 
pattern  effects  but  normalized  to  unity  gain  antennas,  and 
£b  is  the  field  strength  that  would  occur  at  that  point  >jnder 
free  space  conditions  if  loss-free  isotropic  antennas  were 
used  for  both  the  transmitter  and  receiver.  Propagation 
factor  is  the  difference  between  free  space  path  loss  and 
propagation  loss.  Some  authors  call  this  quantity  the  paucrn 
propagation  &ctor  [2].  To  summarize,  both  propagation 
factor  and  propagation  loss  include  anterma  pattern  effects 
but  are  normalized  to  unity  antenna  gains. 

5.  STANDARD  MECHANISMS 
For  purposes  of  illustration,  consider  the  propagation  loss 
between  a  5  GHz  transmitter  and  a  receiver,  both  25  meters 
above  the  sea  surf^.  plotted  versus  range  between  the 
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terminals,  as  shown  in  Figure  3.  The  radio  horizon  is 
defined  as  the  boundary  within  which  direct  paths  exia 
between  the  transmitter  and  receiver  considering  the  effects 
of  standard  refiaction.  At  close  ranges  the  propagation  loss 
is  determined  by  the  coherent  interference  of  the  direct  and 
sea-reflected  radio  waves,  producing  a  series  of  relative 
maxima  and  minima  in  the  loss.  As  the  range  approaches 
the  radio  horizon,  diffraction  by  the  earth's  curved  surface 
becomes  the  dominant  mechanism.  At  much  further  ranges, 
scattering  from  refractive  inhomogeneities  high  in  the 
atmosphere  becomes  the  most  important  mechanism.  These 
standard  propagation  mechanisms  are  shown  in  Figure  3 
relative  to  the  propagation  loss  that  vculd  have  been 
observed  if  the  terminals  were  in  free  space,  where  only 
spherical  spreading  of  the  radio  wave  would  occur.  I  will 
discuss  each  of  these  mechanisms  in  more  detail  in  the 
sections  following. 

fi.l  Spherical  Spreading 

Spherical  spreading  of  a  wave  front  is  the  most  fundamental 
propagation  mechanism.  This  mechanism  is  characterized 
by  the  increasing  surface  area  of  a  sphere  centered  on  the 
transmitter  and  radiating  outward.  Field  strength  at  any 
point  is  inversely  proportional  to  the  square  of  the  range 
between  the  transmitter  and  receiver.  If  both  the  transmitter 
and  receiver  are  far  removed  from  the  earth's  surface  ond 
atntosphere,  that  is  if  they  ate  in  free  grace,  then  spherical 
spreading  is  the  only  propagation  mechanism.  Free-space 
propagation  is  used  throughout  this  lecture  as  a  standard 
against  which  both  propagation  measurements  and 
computations  are  compared  Free-space  path  loss  Lf 
expressed  as  decibels  is  gi\  en  by 

=  32.45  +  20Log(/)  +  20Log(c/)  (9) 

where  /  is  frequency  in  MHz.  and  J  is  distance  between  the 
transmitter  and  receiver  in  km.  Free-space  path  loss  is 
included  in  many  figures  of  this  paper  as  a  reference  for 
other  propagation  effects 

5.2  Rt'flectioii 

Wlien  an  electromagnetic  wave  strikes  a  nearly  smooth 
large  surface  such  as  the  ocean  some  or  all  of  the  energy  is 
reflected  from  tlie  surface  and  continues  propagating  along 
a  new  path.  The  incident  ray  and  the  refleaed  ray  nuke 
equal  grazing  angles  y/  with  the  reflecting  surface,  as 


illustrated  in  Figure  4.  in  general,  there  is  both  a  reduction 
in  the  magnitude  and  a  change  in  phase  of  the  wave  on 
reflection.  Both  effects  are  frequently  described  by  a  full 
complex  reflection  coefficient  that  is  the  ratio  of  the 
reflected  and  incident  complex  electric  fields,  but  in  this 
paper  I  will  refer  to  the  magnitude  R  and  phase  lag  ^  of  the 
reflection  coefficient.  The  phase  of  the  reflected  field  usually 
lags  the  phase  of  the  incident  field,  hence  the  phase  lag  (p  is 
normally  positive.  For  horizontal  polarization  and  a  smooth 
perfectly  conducting  reflecting  surface,  R  is  1  and  (p  is  180 
degrees  for  all  values  of  ^  |1 1|.  For  fimte  conductivity  or 
polarization  other  than  horizontal,  the  reflection  coefficient 
can  vary  significantly  as  a  function  of  y/,  as  illustrated  in 
Figure  5  for  vertical  polarization  over  smooth  sea  water  at 
1000  MHz. 
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Figure  5.  Reflection  coefficient  magnitude  R  and  phase 
lag  (p  for  vertical  polarization  at  1.0  GHz  over  sea  water 
versus  grazing  angle  ip.  Both  (p  and  ip  are  in  degrees. 


At  many  frequencies  and  polarizaUons,  the  reflection 
coefficient  strongly  depends  on  the  elcancal  charactenslics 
of  the  earth,  in  particular  tlie  conductivity  and  Uk  relative 
permittivity  The  ITU  recommends  using  a  graph  to 
determine  these  characteristics  which  luis  been  prepared  for 
several  conditions  (sea  water,  wet  ground,  fresh  water, 
medium  dry  ground,  etc.  ) 

5.3  Forward  Scatter  from  Rough  Surfaces 
When  a  radio  wav  e  reflects  off  a  rough  surface,  such  as  a 
wind-roughened  sea,  only  part  of  the  energy  is  reflected 
coherently  in  the  specular  directioa  that  is,  in  the  same 
direction  as  for  a  smooth  surface.  The  remaining  energy  is 
incoherently  scattered  by  the  various  sea-wave  facets  into 
random  directions  BoUi  the  coherent  and  mooherenC  or 
diffuse,  fields  depend  on  the  apparent  ocean  roughness  g 
given  by 

g  =  {a^^sin\p)jXva^ipll  (10) 

where  aji  is  the  standard  deviation  of  the  sea  surface 
elevation,  y/  is  the  grazing  angle,  and  X  is  radio  wavelength 
1 12).  For  g  =  fl,  the  rough-sur&x  coherent  reflection 
coefficient  equals  the  smooth  surface  reflection  coefficient. 
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and  the  inccrfierent  reflection  coeflident  is  zero.  As  g 
incieases,  the  coherent  field  decreases  while  the  incoherent 
field  increases  up  to  perhaps  100  mrad,  and  then  decreases. 

The  most  notable  effect  of  the  rough  sur&ce  is  the  reduction 
of  the  coherent  reflected  field  at  relatively  high  angles  in  the 
optica’  interference  region.  As  an  example.  Figure  6  shows 
propagation  loss  measurements  at  3  GHz  for  a  transmitter 
at  21  m  and  a  receiver  at  152  m  compared  to  a  model  that 
assumes  near-perfect  reflection  fiom  the  sea.  The 
disagreement  between  the  modeled  and  the  measured 
depths  of  the  interfereiKe  nulls  at  short  ranges  is  clearly  the 
result  of  sea  roughness.  Sea  surface  roughness  can  also  be 
an  important  consideration  under  conditions  of  strong 
surface  ducting,  as  will  be  described  in  a  later  section. 


5.4  Divergence  Factor 

A  radio  wa\  e  reflecting  off  the  spherical  earth's  surface  at 
Icm  grazing  angles  suffers  a  spreading  loss  in  addition  to 
the  normal  spherical  spreading,  as  illustrated  in  Figure  7 
This  figure  is  a  simplification,  since  a  small  solid  angle  at 
the  transiTutler  should  realty  be  considered  along  with  the 
effects  of  earth's  curvature  in  azimuth  as  well  as  elevation 
The  dnergeiKC  &ctor  is  defined  as  the  ratio  ^  the  field 
strength  obtained  after  reflection  from  a  smooth  sphorical 


surface  to  the  field  strength  that  would  be  obtained  after 
reflection  fiom  a  plane  sur&ce,  with  the  radiated  power, 
total  axial  distance,  and  type  of  surface  being  the  same  in 
both  cases,  and  the  solid  angle  at  the  transmitter  being  a 
small  elemental  angle  approaching  zero.  This  mechanism 
must  be  accounted  for  in  addition  to  the  smooth  or  rough- 
suT&x  reflection  coefficient  to  account  for  the  total 
.reflected  energy 

5.5  Optical  Interference 

Oplic^  interference  is  probably  the  second-most  important 
pn^gation  mechanism  after  spherical  spreading,  because 
in  many  applications  it  applies  to  a  very  large  region. 
Consider  the  case  of  a  shipboard  air-search  radar,  for 
example,  where  the  primary  search  volume  is  most  of  the 
region  above  the  radio  horizon.  The  radar  may  be  able  to 
detect  targets  a  short  distance  into  the  difTraction  region,  or 
in  some  cases  to  large  over-the-horizon  distaiKes  due  to 
ducting,  but  for  everyday  considerations  the  interference 
region  represents  the  region  of  coverage  for  the  system.  In 
this  region,  propagation  is  determined  by  the  coherent 
interference  of  the  direct  and  sea-reflected  w  aves. 

In  the  interference  region,  the  relative  phase  between  the 
direct  and  reflected  components  is  important.  This  phase  is 
the  combined  effect  of  the  path  length  difference  between 
the  two  components  and  the  phase  bg  of  the  reflection 
coeflident.  Taken  together,  this  phase  determines  the 
location  of  interference  maxima  and  minima  in  this  region. 
The  magnitude  of  the  direct  wave  field  strength  is  a 
function  of  the  antenna  pattern  for  the  elevation  angle  of  the 
direct  path,  while  the  magnitude  of  the  reflected  wave  field 
strength  is  a  function  of  the  antenna  pattern  for  the  reflected 
ray  elevation  angle,  the  reflection  coeffidenL  rough  surface 
effects,  and  divergence 

A  coverage  diagram  is  a  height-versus-range  plot  of  the 
region  in  which  a  system  is  e.xpeaed  to  operate  at  a 
specified  level.  Figure  8  is  an  example  of  a  coverage 
diagram  for  a  3  GHz  radar  located  10  m  above  the  sea 
surface.  The  radar  has  an  antenna  earn  3  degrees  wide 
pointed  at  0  degrees  elev  ation  and  is  assumed  to  have  a  free- 
space  range  of  100  km  The  shaded  region  in  the  figure 


Figure  8.  Vertical  coverage  diagram. 
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shows  the  expected  coverage  of  this  radar.  The  narrow  lobes 
in  the  coverage  diagram  are  the  optical  interference  lobes, 
while  the  larger  envelope  to  the  lobes  is  the  effect  of  the 
antenna  pattern. 

5.6  DifTractkm 

From  just  before  to  somewhat  beyond  the  radio  horizon,  the 
dominant  propagation  mechanism  is  diffraction  by  the 
spherical  earth.  Diffraction  is  a  physical  opUcs  propagation 
mechanism  that  allows  energy  to  propagate  beyond  the  line 
of  sight  into  a  shadow  region.  With  the  excefMion  of  vertical 
polarization  for  frequencies  below  abcxU  300  MHz,  the 
effects  of  the  electrical  characteristics  of  the  earth  are 
unimportant.  However,  the  average  effects  of  refraction  do 
make  a  difference  in  this  region. 

Propagation  in  the  diffraction  region  is  characterized  by  an 
exponential  decay  of  signal  strength  with  increasing  range, 
which  is  equivalent  to  a  linear  increase  of  propagation  loss 
in  dB  with  range.  Typical  values  of  attenuation  rate  for  a 
standard  atmosphere  are  1  dB/km  at  1  GHz  and  2  dBIrm  at 
10  GHz. 

5.7  Tropospheric  ScaHer 

Until  the  late  1940s  it  was  assumed  that  diffraction  was  the 
only  standard  propagation  mechanism  that  could  contribute 
energy  beyond  the  line  of  sight.  However,  theory  by  Booker 
and  Gordon  (13)  and  others,  plus  numerous  radio 
experiments,  have  shown  that  energy  scattered  from 
refractive  index  inhomogeneities  just  insiefe  the  optical 
interference  region  will  domiivate  the  diffraction  field  at 
sufficiently  large  ranges.  This  mechanism  is  called 
tropospheric  scatter  or  troposcatter,  and  it  is  most  useful  for 
communication  systems  where  high-power  transmitters  and 
high-gain  transmitter  and  receiver  antennas  can  be  used. 

A  good  example  to  illustrate  both  the  diffraction  and 
troposcatter  mechanisms  is  a  radio  propagation  experiment 
reported  by  Ames,  et  al.  (14|  In  this  experiment  a  220  MHz 
transmitter  was  located  23.5  m  above  mean  sea  level  and 


received  signal  was  recorded  in  an  aircraft  flying  an  over 
water  path  during  standard  conditions.  Figure  9  shows 
propagation  loss  results  for  an  aircraft  altitude  eff  152  m. 
Diffraction  is  the  dominant  mechanism  out  to  about  12U 
km,  after  which  troposcatter  dominates  with  a  substantially 
decreased  attenuation  rate. 

S.8  Absorption 

The  final  propagation  mechanism  to  discuss  is  absorption 
by  atmospheric  gases,  primarily  water  vapor  and  oxygen. 
This  mechanism  is  in  addition  to  all  the  previously 
discussed  mechanisms,  but  it  is  generally  not  very  impoiiant 
al  frequencies  below  20  GHz.  The  total  ^tsorpiion  on  any 
given  path  is  the  integrated  effect  along  the  entire  path,  so 
paths  that  traverse  the  entire  atmo^here  may  have  much 
more  absorption  at  lower  altitudes  than  at  higher  altitudes. 
For  paths  near  the  surface.  Figure  10  shows  attenuation  rate 
from  both  water  vapor  and  oxy  gen  versus  frequency  for  a 
temperature  of  15  °C  and  75%  relative  humidity. 
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Figure  10.  Attenuation  rate  at  the  ground  due  to  oxygen 
and  water  vapor  as  a  function  of  frequency  for  a 
temperature  of  15'’C  and  75%  relative  humidity  . 

6.  NONSTANDARD  MECHANISMS 
Nonstandard  propagation  mechanisms  are  characterized  by 
vertical  refractivity  profiles  that  are  substantially  different 
from  a  standard  atmosphere  or  by  propagation  paths  that 
are  located  over  variable  terrain.  The  most  important 
nonstandard  refractivity  profiles  are  those  associated  with 
ducting.  Ducting  occurs  whenever  a  refractivity  profile 
contains  at  least  one  trapping  layer.  The  three  cases  of 
ducting  that  are  most  important  in  marine  are^  and  are 
discussed  here  are  evaporation  ducts,  surface-based  ducts 
from  e»evated  layers,  and  elev  ated  ducts. 

6.1  Evaporation  Ducts 

Evaporation  ducts  are  the  most  persistent  ducting 
phenomena,  found  nearly  everywhere  over  the  oceans  and 
other  large  bodies  of  wat^.  This  duct  is  created  by  the  rapid 
decrease  in  water  vapor  with  altitude  near  the  water's 
surface.  For  continuity  reasons,  the  air  immediately  at^aceiU 
to  the  water  sur&ce  is  nearly  saturated  with  water  vapor  and 
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the  relative  humidity  is  thus  nearly  100  percent.  This  high 
relative  humidity  decreases  rapidly  with  increasing  height 
in  the  first  few  meters  until  an  ambient  value  is  reached 
which  depends  on  the  general  meteorological  conditions. 
The  rapid  decrease  in  humidity  CTeates  a  trapping  layer 
adjacent  to  the  surface  as  illustrated  by  the  modified 
refractivity  curve  in  Figure  11.  The  height  at  which  a 
minimum  value  of  Af  is  reached  is  called  the  evaporation 
duct  height,  which  is  a  measure  of  the  strength  of  the  duct. 
The  evaporation  duct  itself  extends  down  to  the  surface. 

Since  evaporation  ducts  are  very  "leaky"  dielectric 
waveguides,  they  may  affect  radio  or  radar  terminals 
significantly  above  as  well  as  within  the  duct.  The  lowest 
fiequency  affected  by  the  evaporation  duct  is  strongly 
dependent  on  the  existing  evaporation  duct  height  and  for 
most  practical  a(^lications.  the  lower  fiequency  limit  is  3 
GHz.  Evaporation  duct  heights  generally  vary  between  0 
and  40  m,  with  a  long-term  mean  value  of  ^xrul  5  m  at 
northern  latitudes,  and  up  to  18  m  at  tropical  latitudes.  The 
most  obvious  evaporation  duct  effects  are  to  give  extended 
ranges  for  surfaoe-to-sur&ce  radio  or  radar  ^sterns 
operating  ibove  3  GHz.  Evaporation  ducts  ate  very  leaky, 
and  for  all  frequencies  above  about  3  GHz,  some  effects 
from  the  evaporation  duct  will  be  present.  As  a  rough  guide 
for  the  duct  height  required  to  completely  trap  a  particular 
fiequency.  refer  to  Table  3.  The  optimum  fiequency  to 
achieve  extended  ranges  via  the  evaporation  duct  appears  to 
be  around  18  GHz  |1S-I8].  Although  ducting  effects  extend 
beyond  this  limit,  and  have  been  measured  at  fiequencies  as 
high  as  94  GHz  1 19-20|,  absorption  by  atmospheric  gases 
and  attenuation  by  rough  surfaces  counteract  the  trapping 
effects  of  the  duct. 
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Figure  12.  Evaporation  duct  height  and  propagation 
loss  at  9.6  GHz  versus  time  for  IS  days  in  the  Aegean 
Sea.  Path  length  was  35.2  km,  and  the  transmitter  and 
receiver  were  at  4.8  and  4.9  m  above  mean  sea  level. 


An  example  of  evaporation  duct  effects  at  9.6  GHz  is 
illustrated  by  Figure  12.  In  this  experiment  propagation  loss 
was  measured  between  Naxos  and  Mykonos,  Greece  from  7 
to  22  November  1972  |15-16).  The  uansmitter  and  receiver 
heights  ^bove  mean  sea  level  were  4.8  and  4.9  m, 
reflectively,  and  the  path  length  was  35.2  km.  The  figure 
shows  observed  propagation  loss  versus  time  and  the 
corresponding  evaporation  duct  height  calculated  from  bulk 
meteorological  measurements  of  air  temperature,  relative 
humidity,  wind  speed,  and  sea  temperature  at  one  end  of  the 
path,  using  a  technique  developed  by  Paulus  [21].  This 
figure  clearly  shows  how  higher  duct  heights  correspond  to 
loss  values  less  (signals  higher)  than  the  free  space 
reference  level,  and  virtually  all  duct  heights  correspond  to 
loss  values  less  than  the  diffraction  reference  level. 

Altlkxigh  Ute  evaporation  duct  may  enhance  signals  on 
over-the-horizon  paths,  it  can  also  reduce  signal  levels  in 
some  cases  on  paths  within  the  horizon.  Figure  13  is  an 
example  finm  an  experiment  performed  by  AiKkrson  |22- 
23)  in  which  propagation  loss  was  derived  from  a  9.4  GHz 
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radar  that  was  tradung  a  corner  r^lectM  on  a  boat  The 
radar  and  target  heights  were  23.5  and  4.9  m  above  mean 
sea  level,  reflectively.  This  figure  shows  propagation  loss 
versus  range  and  compares  the  measurements  to  a  standard 
atroofihere  model.  The  evaporation  duct  height  fi>r  this 
case  was  about  8  m,  and  the  figure  clearly  shows  that  the 
measured  loss  was  greater  than  standard  in  the  vicinity  of 
the  last  optical  interference  peak. 

6.2  Surface-based  Ducts 

A  ducting  mechanism  less  common  than  the  evaporation 
duct,  but  usually  more  dramatic  when  it  occurs,  is  a  sur&ce- 
based  duct  fiom  an  elevated  trapping  layer.  Figure  14 
illustrates  a  typical  modified  refiac^ty  prt^e  for  this  type 
of  duct.  Surfiioe-based  ducts  are  created  by  trapping  layers 
that  occur  up  to  several  hundred  meters  in  hei^t,  although 
th^  can  be  created  by  a  trapping  layer  adjacent  to  the 
sur&ce  (sometimes  referred  to  simply  as  sur&ce  ducts).  A 
surface  or  sutfitce-based  duct  occurs  when  the  M  value  at 
the  top  of  the  trapping  layer  is  less  than  the  sui&ce  value  of 
M.  The  propagation  effects  of  these  ducts  are  not 
particularly  sensitive  to  frequency  and  they  commonly 
provide  for  long  over-the-horizon  communication  or 
detection  ranges  at  fiequencies  exceeding  sdxxit  100  MHz. 
Surfiice-based  ducts  occur  with  annual  fiequencies  of  up  to 
58%  and  are  the  type  of  duct  responsible  for  most  reports  of 
extremely  long  over-the-horizon  radar  detection  and 
communication  ranges,  such  as  the  example  between  India 
and  Ar^ia  cited  earlier.  These  ducts  rarely  exceed  a  few 
hundred  meters  in  thickness. 

A  good  example  of  propagation  in  a  sur&ce-based  duct  is 
given  in  Figure  15.  In  this  experiment,  the  fiequency  was  3 
GHz,  and  the  transmitter  and  receiver  heights  were  21  and 
1'2  m  tdxive  mean  sea  level.  The  figure  shows  observed 
loss  and  a  modeled  standard  atmosphere  loss.  At  close 


Modified  Refiactivity  (M) 


Figure  14.  Modified  refiactivity  versus  height  profile 
for  a  surfece-based  duct 


Figure  15.  Propagation  loss  versus  range  in  a  surface- 
based  duct  for  3.0  GHz.  Transmitter  and  receiver 
heights  were  21  and  152  m  above  mean  sea  level. _ 


ranges,  the  observations  match  the  standard  model 
reasonably  well,  but  at  ranges  well  beyond  the  70  km 
horizon  range,  the  observed  loss  is  far  less  than  the  standard 
predictions  due  to  the  duct.  An  interesting  feature  of 
sur&ce-based  ducts  is  the  "skip  zone"  effect  illustrated  by 
the  measurements.  If  a  radar,  for  example,  can  detect  a 
certain  target  for  propagation  loss  less  than  140  dB,  then  in 
this  example,  a  skip  zone  would  exist  from  about  55  to  105 
km  where  the  target  would  not  be  seen.  Figure  16  is  a  ray 
trace  diagram  for  a  surface-based  duct  similar  to  the  case  of 
Figure  15  that  clearly  illustrates  the  refiactive  process 
responsible  for  the  creation  of  the  skip  zone. 

Although  sur&ce-based  ducts  have  the  greatest  impact  or. 
fiequencies  in  excess  of  100  MHz,  they  can  also  cause 
noticeable  effects  at  lower  frequencies,  even  as  low  as  20 
MHz.  Figure  17  shows  path  loss  versus  fiequency  from  4  to 
32  MHz  measured  by  Hansen  (24]  on  a  235  km  southern 
California  path.  No  skywave  signals  existed  on  this  path. 
Hansen  found  that  above  approximately  20  MHz  the 
average  signal  levels  considerably  exceeded  predictions 
based  on  groundwave  theory.  Pappert  and  Goodhart  [25] 
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modeled  the  effects  of  ducting  on  this  path  using  available 
refractivity  profiles  and  their  results  are  also  shown  in 
Figure  17  labeled  as  "theoretical."  Even  though  there  is  a 
spread  in  the  observed  and  theoretical  results,  th^  are  in 
substantial  agreenrent,  aix)  it  seems  clear  that  a  case  has 
been  made  that  the  enhanced  signal  levels  at  these  very  low 
frequencies  are  the  result  of  tropo^heric  ducts. 

6,3  Elevated  Ducts 

Elevated  ducts  are  created  1^  trapping  laycis  in  a  similar 
manner  to  sur^ioe-based  ducts.  In  sutl^oe-based  ducts,  the 
radio  wave  is  repeatedly  bent  downward  by  the  trapping 
layer  and  reflected  iqrwatd  by  the  sur&e.  In  elevated  ducts, 
the  radio  wave  is  repeatedly  bent  downward  the  trapi^g 
layer  and  then  bent  upward  by  one  or  more  refiactive  l^rs 
below  the  trapping  layer.  Figure  18  illustrates  a  typical 
modified  refiactivity  prc^  for  an  elevated  duct  It  is 
necessary  that  theA/valueatthetopcd'the  trapping  l^er  be 
greater  than  the  A/ value  at  some  height  below  the  trapping 
layer  to  form  an  elevated  duct.  The  elevated  duct  extends 
from  the  top  the  trapping  layer  down  to  the  highest 
height  at  which  the  M  value  below  the  trapping  layer  equals 
A/ at  the  top  of  the  trapping  layer. 

Figure  19  is  a  ray  trace  diagram  illustrating  propagation  in 
an  devated  tfarct  Acooiditrg  to  ray  optics  thetxy,  both 
teiminak  of  a  radio  path  need  to  be  within  the  duct  to  gain 
the  benefit  of  enhan^  signals  fiom  the  thrct.  In  practioe, 
however,  these  ducts  are  leaky  and  some  benefit  can  be 
achieved  with  lerminals  outside  the  duct  The  thickness  vS 


Figure  18.  Modified  refractivity  versus  height  profile 
for  an  elevated  duct. 


these  ducts  can  range  from  near  zero  to  several  hundred 
meters,  and  the  fiequencies  affected  will  vary  accordingly  . 
In  many  cases,  frequencies  as  low  as  100  MHz  will  be 
affected.  In  addition  to  the  enhanced  signal  levels  in  or  near 
the  elevated  duct,  there  can  also  be  an  absence  of  ray 
coverage  above  the  duct,  compared  to  what  would  have 
been  there  for  a  standard  atmosphere.  This  lack  of  coverage 
has  often  been  called  a  radio  or  radar  "hole"  arxi  an 
example  of  this  effect  is  seen  in  Figure  19.  In  practice  some 
energy  does  propagate  into  this  region  by  physical  optics 
processes  not  accounted  for  by  ray  c^cs  theory,  but  the 
signal  levels  will  generally  be  much  less  than  for  a  standard 
atmo^here. 

A  large  experimental  effort  to  investigate  propagation  in 
elevated  ducts  was  conducted  in  the  late  1950s  and  early 
1960s  under  the  name  Project  Tradewinds  [26],  which 
investigated  the  semi-permanent  ducts  associated  with 
tradewind  regions.  One  part  of  these  experiments  consisted 
of  flying  an  instnimented  aitciaft  from  San  Diego, 


Figure  20.  Propagation  loss  at  220  NfHz  between  San 
Diego  and  Hawaii.  From  Project  Tradewinds  [26). _ 


California  to  Oahu,  Hawaii  and  recording  220  and  44S 
MHz  signals  transmitted  at  both  ends  of  the  path.  Figure  20 
shows  the  propagation  loss  for  one  flight  for  a  220  MHz 
transmitter  at  San  Diego  located  244  m  above  sea  level  and 
an  aircraft  altitude  that  varied  fiom  near  0  to  about  ISOO 
meters.  The  path  length  was  about  4200  km,  and  for  this 
case  the  signal  levels  were  measured  all  along  the  path  and 
were  detected  even  after  the  aircraft  had  landed  in  Hawaii. 

C.4  Lateral  Inhomogeneity 

The  refractive  index  layers  in  the  atmosphere  are  usually 
stratified  with  the  vertical  changes  being  many  times 
greater  than  horizontal  changes.  All  of  the  mechanisms 
discussed  previously  assume  that  the  vertical  reftactivity 
profile  is  homogeneous  with  range.  In  reality,  the 
atmosphere  is  never  perfectly  homogeneous  with  range,  but 
if  the  actual  propagation  effects  ate  eauivalent  to  those 
effects  that  would  be  observed  in  a  homogeneous 
environment,  then  the  assumption  of  horizontal  homo¬ 
geneity  is  valid.  In  practice,  this  assumption  is  valid  most  of 
the  time,  especially  over  open  ocean  conditions.  However, 
there  are  times  when  the  vertical  reftactive  index  profile 
changes  eiKxigh  along  the  propagation  path  to  alter 
propagation  effects  sutetantially  compared  to  the  homo¬ 
geneous  case.  These  cases  are  said  to  be  subject  to  the 
effects  of  lateral  inhomogeneily. 

As  an  example  of  lateral  inhomogeneity,  consider  the  ray 
trace  diagram  of  Figure  21.  In  this  case,  the  vertical 
refractivity  profile  at  the  transmitter  i  haracterized  by  a 
surface-based  duct  As  the  range  increases,  the  height  of  the 
trapping  layer  also  increases,  such  that  the  surfiice^ased 
duct  becomes  an  elevated  duct  The  rays  that  are  trapped 
tend  to  follow  the  trapping  layer  and  result  in  enhanced 
signal  levels  at  much  higher  altitudes  than  would  have  been 
the  case  for  a  homogeneous  surface-based  duct.  This 
environment  is  a  realistic  one  that  was  measured  off  the 
coast  of  San  Diego  |8|. 

More  examples  (ff  propagation  eflfects  under  conditions  of 
htteral  inhomogeneity  will  be  given  in  Part  B  of  this  lecture. 
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Figure  21.  Ray  trace  diagram  showing  effects  of  lateral 
inhomogeneity.  The  trapping  layer  rises  with  range 
changing  a  surface-based  duct  into  an  elevated  duct. 


when  propagation  models  are  described.  From  a 
propagation  assessment  point  of  view  ,  it  has  been  found  that 
the  assumption  of  horizontal  homogeneitv’  is  good  about  86 
percent  of  the  time  I?].  A  similar  conclusion  has  been 
reached  b>'  U.S.  Navy  users  of  IREPS. 

6.5  Terrain  Effects 

The  last  nonstandard  propagation  mechanism  that  1  will 
discuss  is  propagation  over  terrain.  Another  lecture  in  this 
series  covers  this  topic  in  depth,  so  1  will  mention  only  a 
few  points.  When  at  least  one  part  of  a  propagation  path  is 
over  variable  terrain,  that  terrain  will  normally  obstruct  or 
otherwise  interfere  with  the  radio  wave.  Diffiaction  as 
affected  by  the  various  high  points  in  the  terrain  profile  is 
the  usual  dominant  propagation  mechanista  In  some  cases, 
the  effects  of  sur&ce-based  or  elevated  ducts  may  be 
comparable  to  the  terrain  diffiaction  mechanism.  In  other 
cases,  ducting  may  be  the  dominant  pre^gation 
mechanism,  and  the  terrain  profile  along  the  path  may 
reduce  the  efBciency  of  the  duct 

As  an  example  of  conditions  where  both  ducting  and  terrain 
are  important,  consider  the  following  radio  experiment 
conducted  in  the  Arizona  desert  [27].  lu  Jus  experiment 
the  primaiy  propagation  mechanism  was  ducting  associated 
with  the  radiation  temperature  inversion  created  by 
nocturnal  cooling  of  the  ground.  Two  propagation  paths  43 
and  75  km  long  were  established  with  60  m  towers  at  both 
ends  of  the  paths,  such  that  both  optical  and  nonoptical 
paths  could  be  studied.  Received  signal  strengths  fiom  170 
MHz  to  24  GHz  were  recorded  versus  time,  24  hours  per 
day,  and  selected  hdght-gain  recordings  were  also  made. 
The  terrain  features  along  the  propagation  paths  differed 
fiom  a  smooth  earth  30  m  or  less  in  height  The 
experiment  concluded  that  only  the  highest  fiequencies 
were  affected  by  the  radiation  duct,  but  many  rneasutemems 
clearly  displiQed  the  mixed  e&cts  of  ducting  and  tetraia  In 
Part  B  (ff  this  lecture,  I  will  show  an  example  where  one  tff 
these  results  is  well  modeled  when  both  the  tmain  and  the 
lateral  inhomogeneity  tff  the  duct  ate  accounted  for. 
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7.  STATISTICS  OF  DUCTING 
Of  the  various  propagation  mechanisms  discussed  here,  the 
suf&oe  ducting  mechanisnK  are  the  most  likely  to 
substantially  alter  the  performance  rtf'  a  given  system.  For 
example,  an  evaporsdion  duct  or  a  sui&ce-faased  duct  might 
extend  a  shipboard  radar's  capability  to  detect  a  low-altitude 
target  from  20  km  to  several  hundred  km.  Therefore,  it  is 
important  to  discuss  how  strong  these  mechanisms  are  and 
how  often  they  exist  in  various  parts  of  the  world 

EREPS  is  an  IBM/PC-compatible  tystem  that  contains  a 
Surfrce  Duct  Sununary  (SDS)  program  (S]  that  simmarizes 
aiuiualized  climatological  evaporation  duct  height  in 
histogram  form  and  the  percent  of  occurrence  of  sui&ce- 
based  ducts  for  most  ocean  areas  (rf  the  world.  The  statistics 
di^layed  Ity  SDS  are  derived  from  two  meteorological  data 
bases,  one  for  mariiK  surfrce  meteorological  observations 
from  which  evaporation  duct  heights  were  derived  and  one 
for  radiosonde  observations,  from  which  statistics  on 
surfroe-based  ducts  were  derived  [28|. 

The  surface  marine  observations  data  base  was  assembled 
by  the  National  Climatic  Data  Center  and  is  named 
DUCr63.  This  data  set  is  a  IS  year  subset  of  over  150  years 
of  worldwide  observations  obtained  from  ship  logs,  ship 
weather  reporting  forms,  published  observations,  automatic 
buoys,  etc.  The  reported  observations  of  air  temperature, 
humidity,  wind  speed,  and  water  temperature  were 
converted  into  evaporation  duct  height  using  the  technique 
described  by  Paulus  (21).  These  data  are  organized  into  292 
10-degree  latitude  ^  iO-degree  longitude  squares  called 
Marsden  squares  located  between  latitudes  70°  N  and  60°  S. 


The  radiosonde  data  base  was  assembled  by  GTE  Sylvania 
Corporation  and  is  called  the  Radiosonde  Data  Analysis  11 
This  data  set  is  based  on  approxiinately  3  million  worldwide 
radiosonde  soundings  taken  during  a  5  year  period,  from 
1966  to  1969  and  from  1973  to  1974.  This  data  set  is 
organized  into  399  coastal,  island,  and  ocean  weather 
station  ship  radiosonde  locations. 

SDS  displays  a  world  map  to  the  user  showing  the  locations 
of  all  Marsden  squares  and  radiosondes  in  the  two  data 
bases,  as  illustrtded  in  Figure  22.  The  user  selects  one  or 
nwre  squares  or  the  world  average,  and  SDS  then  presents 
the  annual  surfree  duct  suttunary  of  the  corresponding 
ducting  conditions.  Figure  23  is  an  example  for  the  Greek 
islands  area  corresponding  to  the  measurements  presented 
in  Figure  12.  A  histogram  rtf  evaporation  duct  height  is 
given  in  2  m  intervals  from  0  to  40  m.  The  upper  right  area 
identifies  the  Marsden  square,  shows  the  average 
evaporation  duct  height  atvl  wind  speed,  and  the  sample 
size.  The  lower  right  area  identifies  the  tadiosotKle  location, 
sur&ce-based  duct  (SBD)  occurrence,  average  SBD  height, 
average  surface  refiactivity  (NSUBS),  average  effective 
earth  radius  fretor  (K),  and  sample  size. 

The  annual  average  evaporation  duct  height  can  range  from 
just  a  few  meters  to  about  18  meters  depending  on 
geographic  location,  with  lower  heights  occurring  in 
northern  latitudes.  Table  4  shows  several  ocean  areas  and 
their  average  duct  heights  to  illustrate  this  variability 
Surfree-based  duct  occurrence  varies  from  0  in  northern 
latitudes  to  58%  in  the  Persian  Gulf  area,  as  illustrated  by 
several  sample  locations  in  Table  5. 


Figure  22.  EREPS  Surface  Duct  Summary  display  showing  the  locations  of  Marsden  squares  and  radiosonde  stations. 
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Figure  23.  EREPS  Surface  Duct  Summary  display  showing  a  histogram  of  evaporation  duct  height,  average 
evaporation  duct  height  and  wind  speed,  and  percent  occurrence  and  other  parameters  for  surface-based  ducts. 


Ocean  Area 

Average  Duct  Height  (m) 

Labrador  Sea 

3.5 

North  Sea 

6.4 

Norwegian  Sea 

6.7 

Bay  of  Biscay 

8.2 

Adriatic  Sea 

10.9 

Aegean  Sea 

13.1 

Arabian  Sea 

14.8 

GulfofMesko 

16.6 

Caribbean  Sea 

17.6 

Table  4.  Aimual  average  evaporation  duct  heights. 


Radiosonde  Location 

SBD  Occurrence  (%) 

Ship65.r>NL2"W 

0 

Ship  45.0*  N  16.0“  W 

2 

Azores,  Portugal 

10 

Cabo  Verde,  Portugal 

15 

Tobruk,  Libya 

21 

San  Diego,  CA,  USA 

23 

Bahrain 

58 

Table  5.  Percent  occurtenoe  of  surface-based  ducts. 


8.  CONCLUSIONS 

In  this  part  a(  the  lecture  I  have  defined  the  basics  of 
refiactive  elfects  firom  VHF  to  EHF  and  outlined  the  most 
important  radio  propagation  mechanisms  fm'  point-to-point 
paths  near  the  earth's  sur&ce.  I  have  presented  both 


standard  mechanisms  and  nonstarrdard  nrechanisms  such  as 
ducting.  1  emphasized  propagation  over  the  sea,  since  this  is 
where  some  of  the  most  dramatic  anomalous  radio 
prcqragation  events  occur,  and  briefly  discussed  some 
statistics  and  geographical  variability  erf*  the  two  most 
important  ducting  mechanisms. 

In  Part  B  of  this  lecture,  1  will  build  on  the  material 
presented  here  and  discuss  the  various  models  that  are  used 
in  assessing  radio  propagation  effects.  I  will  also  discuss 
radio  propagation  assessment  systems  and  present  several 
application  examples  that  illustrate  the  accuracy  and  utility 
of  the  rtKidels. 
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1.  SUMMARY 

Part  A  of  this  lecture  introduced  and  discussed  refraction- 
related  pr(^gation  mechanisms  and  their  effects  in  the 
VHP  to  EHF  bands.  Part  B  builds  on  the  material  of  Part  A 
to  describe  and  discuss  propagation  models  that  are  used  to 
assess  radio  propagation  effects,  and  uses  examples  from 
propagation  assessment  systems  and  other  propagation 
software  to  illustrate  many  of  the  effects.  Frequencies  from 
about  30  MHz  to  100  GHz  are  considered. 

Both  standard  and  nonstandard  propagation  models  are 
described.  The  standard  models  are  the  effective-eaith- 
radius  model,  the  Fresnel  reflection  coefticient  model,  and 
models  for  sur^  roughness,  divergence,  optical 
interference,  diffraction,  and  trt^io^heric  scatter.  Ray  trace, 
waveguide,  parabolic  equation,  and  hybrid  models  are 
discussed  to  account  for  nonstandard  effects.  A  brief 
description  of  three  propagation  assessment  systems  that 
itKlude  the  various  models  is  given,  and  several  application 
examples  are  presented  that  illustrate  both  the  propagation 
effects  and  the  af^licability  of  the  models.  For  evaporation 
ducts,  a  statistical  method  is  discussed  that  can  be  used  for 
system  plarming  purposes  or  engineering  of  new  equipment. 
A  comparison  of  this  method  to  measurements  is  presented. 

2.  INTRODUCTION 

Modeling  radio  wave  prc^gation  in  the  lower  atmosphere 
is  important  for  many  reasons,  including  the  development 
of  decision  aids  for  communications,  radar,  and  navigation 
systems.  Decision  aids  can  be  broken  down  into  two  broad 
categories:  engineering  decision  aids  and  tactical  decision 
aids.  Engineering  decision  aids  are  most  usefril  to 
electromagnetic  ^ems  engineers  for  the  design  of  new 
systems  or  the  evaluation  of  existing  systems.  These  aids 
frequently  consider  the  statistical  nature  of  the  propagation 
environment,  such  that  a  ^stem’s  long-term  performance 
can  be  evaluated.  Tactical  decision  aids  are  most  useful  to 
military  planners  who  must  conrider  propagation  effects  on 
military  sensor  and  weapon  ^sterns.  These  aids  normally 
consider  a  single  measured  or  forecast  environmental 
condition  such  that  propagatron  effects  can  be  exploited  or 
mitigated  by  altering  military  tactics.  For  e.\ample, 
changing  an  attacking  aircraft’s  flight  ptrrfile  can  minimize 
the  range  at  which  it  is  first  detect  by  radar.  B(8h 
categories  tff  decision  aids  consider  the  same  pn^gation 


mechanisms,  and  use  similar  radio  propagation  models, 
described  in  the  this  paper. 

In  the  same  matmer  as  part  A  of  this  lecture,  I  will  discuss 
only  those  propagation  iiKidels  that  are  considered, 
included,  or  planned  in  the  Integrated  Refractive  Effects 
Prediction  System  (IREPS),  the  Engineer’s  Refractive 
Effects  Prediction  System  (EREPS),  and  the  Tactical 
Envirorunental  Siqrpori  System  (TESS).  Again,  this  should 
not  impi}'  that  other  mechanisms  or  models  are  not 
important,  but  that  they  are  simply  tKX  considered  or 
trecessaty  for  the  systems  mentioned. 

3.  STANDARD  PROPAGATION  MODELS 
Standard  propagation  models  are  applicable  to  propagation 
paths  over  a  smooth  or  slightly  rough  earth  surface  and 
conditions  that  can  be  well  represented  by  a  standard 
atmosphere.  Although  the  refractive  index  decreases 
exponentially  in  a  standard  atmosphere,  at  low  altitudes  the 
(kcrease  is  very  nearly  linear.  All  of  the  models  described  in 
this  section  assume  this  linear  decrease  for  computational 
simplicity,  but  they  do  allow  the  user  to  specify  the  gradient, 
which  is  often  taken  as  -39  AVkm. 

3.1  EfTective-earth-radius  Model 
Under  standard  or  normal  conditions,  a  radio  ray  curves 
downward  with  a  curvature  less  than  the  earth's  surface. 
The  effective-earth-radius  concept  [1]  replaces  the  earth's 
bue  radius  with  a  larger  radius  such  that  the  relative 
curvature  between  the  ray  and  the  earth's  surface  is 
maintained  and  the  r^  becomes  a  straight  line.  For  small 
elevation  angles,  this  transformation  accurately  preserves 
angles,  heists,  and  ranges,  and  greatly  simplifies  the 
computations  required  to  determine  grazing  angles  and  path 
length  differences  for  specified  terminal  locations. 
Sometimes  the  effective  earth  radius  is  also  referred  to  as 
the  equivalent  earth  radius  [2].  The  effective  earth  radius  a, 
and  the  effective-earth-radius  &ctor  k  are  related  by 

a,  =  ka  (1) 

where  a  is  the  true  earth  radius,  k  can  be  computed  using 

ifc  =  l/[l-l-a(dn/</fr)]  (2) 

where  dn'dh  is  the  vertical  refractive  index  gradient.  Using 
the  mean  earth  radius  of  6371  km  and  a  refractivity 
gradient  of  -39  A//km  gives  k  =  1.33  or  about  4/3. 
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3.2  Fresnel  Reflection  Coefficient 
The  complex  reflection  coefficient  for  reflection  of  an 
electromagnetic  wave  from  a  smooth  sut&ce  is  given  tn  the 
Fresnel  reflection  cocGBcient.  A  good  description  of  the 
derivation  of  the  following  formulas  is  given  by  Reed  and 
Russell  (2|.  Let  be  the  magnitude  and  ^  be  the  phase  lag 
of  the  reflection  coefflcient  and  let  the  subscripts  h  and  v 
refer  to  horizontal  and  vertical  polarization,  respectively. 
Then  the  Fresnel  reflection  coefficients  are  given  by 


"  s.n».-Vr>--cos-»/ 

^  2  ^ 

w  stn^+^/7  -cos  ^ 

where  i//  is  tlie  grazing  angle  and  n'  is  the  square  of  the 
refractive  index  of  the  reflecting  surface  given  by 

=  e,  -i60crA.  (5) 


in  which  z;.  is  the  relative  pennittivity,  cr  is  the  conductivity 
in  S/m,  and  A  is  radio  wavelength  in  m.  The  electrical 
characteristics  z;  and  a  are  functions  of  radio  frequency  aird 
the  type  of  surface,  and  can  be  determined  from  multiple 
sources,  including  a  figure  in  the  Recommendations  and 
Reports  of  the  CCIR  (31.  Table  1  gives  example  values  for 
both  parameters  for  sea  water  at  a  temperature  of  20  °C  and 
average  salinity  for  a  few  frequencies. 


Table  1.  Sample  relative  pe.Tnitlivity  Sr  and  conductivity  a 
for  sea  water  at  20  °C  and  average  salinity. 


3.3  Miller-Brown  Surface  Roughness  Model 
For  reflection  from  a  wind-roughened  sea.  the  Fresnel 
reflection  coefficient  must  be  modified  for  the  effects  of 
surface  roughness.  The  original  theory  was  developed  by 
Ament  (4]  and  validated  experimentally  by  Beard  (5), 
but  a  more  recent  model  by  Miller  and  Browai  |61  has 
proven  to  be  more  complete  and  is  given  by 

R  =  Rq  exp|-2(2ag)^  j  /o|2(2;?g)^  j  (6) 

where  R  is  the  rough-surface  coherent  reflection 
coefficient.  Ro  is  th>  Fresnel  reflection  coefficient  from 
either  (3)  or  (4),  lo  is  the  modified  Bessel  function,  and 
the  "apparent  ocean  roughness"  g  is  given  by 

g  =  {a^s\nig)IX  (7) 

where  cr*  is  the  standard  deviation  of  the  sea-surface 
elevation,  yr  is  the  grazing  angle,  and  A  is  the 
electromagnetic  wavelength.  The  relationship  of  exh  to 
wind  speed  is  derived  from  the  Phillips'  saturation  curve 
spectrum  (7]  and  is  given  by 

=0.0051 (8) 


where  u  is  wind  speed  in  meters  per  second.  A  very 
useful  and  quite  accurate  approximation  to  (6)  that  does  not 
require  computation  of  the  modified  Bessel  function  is 
given  by  CCIR  (S)  as 


where  x  =  0  5  Figure  1  illustrates  R  versus  g  for  both  the 
Ament  and  Miller-Brown  theories  compared  to  the 
measurements  of  Beard. 


3.4  Divergence  Factor 

A  radio  wave  reflecting  off  the  spherical  earth's  surface  at 
low  grazing  angles  suffers  a  spreading  loss  due  to 
divergence.  The  tiieory  for  this  loss  was  originally  worked 
out  by  Van  der  Pol  and  Bremmer  (9],  The  divergence  factor 
D  is  defined  as  the  ratio  of  the  field  strength  obtained  after 
reflection  from  a  smooth  spherical  surface  m  the  field 
strength  that  would  be  obtained  after  reflection  from  a  plane 
surface,  with  the  radiated  power,  total  axial  distance,  and 
type  of  surface  being  the  same  in  both  cases,  and  the  solid 
angle  at  the  transmitter  being  a  small  elemental  angle 
aj^ioaclung  zero.  Referring  to  Figure  2.  D  is  given  by' 


where  r,  and  r;  are  the  ranges  between  the  transmitter  and 
reflection  point  and  the  reflection  point  and  the  receiver, 
and  the  other  variables  are  as  previously  defined. 


3.5  Optical  Interference  Model 

In  the  optical  interference  region,  the  propagation  &ctor  F 
is  determined  from  the  coherent  sum  of  the  direct  and 
surface-reflected  field  components  according  to 


The  direct  and  reflected  antenna  pattern  Actors  fj  and  fr 
correspond  to  angles  /j  and  Xr  relative  to  the  main  beam 
pointing  angle  X)  above  tlie  local  horizontal,  as  illustrated  in 
Figure  2.  The  antenna  pattern  fiinction  /  is  normalized  to 
unity  gain  in  the  direction  of  the  antenna  beam  maximum. 
D  and  2?  ate  the  divergence  &ctor  and  reflection  coefficient. 
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computed  (10)  and  (6),  respectively,  for  the  values  of  /•,, 
r2  and  y/  shown  in  Figure  2.  The  total  phase  lag  O  is  the 
sum  of  the  phase  lag  angle  <p  determined  from  (3)  or  (4)  as 
appropriate  and  the  path  length  difference  angle  ^^ven  b>' 

k  r 

where  h^  and  /ij  are  the  effective  terminal  heights  of  the 
transmitter  and  receiver  illustrated  in  Figure  2  and 
computed  as 

2  2 

h.=h^-^  (13) 

'  '  2faj  ^  ^  Ika 

where  /i|  and  /12  are  the  transmitter  and  receiver  heights 
above  the  sea,  respectively.  The  optical  region  models 
presented  here  assume  that  the  transmitter  height  is  always 
less  than  or  equal  to  the  receiver  height.  If  this  is  not  the 
case,  the  transmitter  and  receiver  heights  are  simply 
reversed,  and  the  calculation  of  F  will  be  correct  according 
to  the  Lorentz  reciprocity  theorem  ( 10|.  The  grazing  angle 
is  computed  as 

(14) 

arul  the  antenna  pattern  angles  and  Yr  are  computed  as 

(Aj-A,)  r 

rd=Ya - — 

r  2ka 


The  expression  for  F  in  (11)  is  valid  provided  that  S  is 
greater  than  or  equal  to  7i/2  or  ^  is  greater  than  a  limit 
described  by  Reed  and  Russell  |2|  below  which  the  diver¬ 
gence  factor  calculation  is  in  substantial  error.  This  limit  is 

tan^r  =(-i/2a*a)'^’.  (16) 


Also,  the  methods  presented  here  are  generally  valid  only 
for  grazing  angles  less  than  abou;  S  degrees  since  many  of 
the  formulas  are  based  on  small  angle  approximations. 


The  (^rtical  r^ion  calculations  are  normally  implemented 
in  one  fiS  two  ways.  For  the  case  in  which  the  two  t^minal 
heights  and  range  separation  are  specified,  then  (13)  and 
(14)  are  combined  to  form  the  cubic  equation 

Ir^  -3rr|‘  -2Aa(A,  +A2)jr-|  +2ikaA,r  =  0  (17) 

which  can  be  soKed  for  r\  using  either  the  formal  soluuon 
found  in  many  standard  textbooks,  or  by  a  numerical 
iteration  process  such  as  Newton's  method.  A  mote  efficient 
method  for  some  applications  is  to  specify  the  two  terminal 
heights  and  the  reflection  point  ranger,  and  then  solve  (17) 
for  r  and  (11)  through  (IS)  for  the  other  quantities  needed. 
This  method  avoids  solving  the  cubic  equation  and  is 
particularly  useful  to  provide  a  graphical  plot  d*  F  versus  r 
when  it  is  not  necessary  that  specific  values  dr  be  used. 


3.6  CCIR  Diffraction  Model 

Diffiaction  is  the  dominant  mechanism  for  propagation 
paths  at  short  over-the-horizon  ranges.  A  very  useful  model 
for  diffiaction  that  was  developed  for  a  variable  effective 
earth  radius  a,  is  described  by'  CCIR  (1I|  and  is 
summarized  here.  Some  of  the  variables  have  been  changed 
from  the  source  document  to  avoid  conflicts  with  other 
usage.  The  propagation  factor  F  is  given  by 

201ogF  =  K{.'')  +  G(Z,)  +  G(Z,)  (18) 

where  A'  is  a  normalized  range  between  the  temtinals  and  Z, 
are  nonnalized  heights  for  each  terminal  given  by 

..  I  n  V  .  .In-  r . 


where  ^  is  a  parameter  allowing  for  the  type  of  grouitd  and 
polarization.  /9can  be  taken  as  1  for  horizontal  polarization 
at  all  frequencies  and  vertical  polarization  above  20  MHz 
over  land  or  300  MHz  over  sea.  Otherwise,  it  is  given  by 

U16£l^  (20) 

i+43a:^  +1.35/:^ 

where  K  is  determined  for  either  horizontal  (A*)  or  vertical 
(A'A  polarization  as 


-(60Aa)^| 


h(60Zcr)'’ 


aixl  f;.  is  the  relative  permittivity  artd  a  is  sur&ce 
conductivity  in  S/m.  In  (18),  Visa  distaiKC  term  given  by 
K(A')  =  ll  +  10Iog(A')  +  17.6A'  (22) 

and  G  is  a  height-gain  term  given  by 
G(Z)  = 

l7,6(Z-l.l)''^-51og(Z-l.l)-8  Z>2 

201og(Z  +  0.IZ^)  I0A:</<2  (23) 

2+20iog/:+9iog—  log— +i  -^<z<ioa: 

®  k  J  10 

2  +  201ogA:  z<  — 


where  is  the  af^ropriate  term  from  (21). 
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The  method  just  described  is  based  on  a  single  term  in  a 
classic^  residue  series  solution,  which  is  su£Bcient  provided 
that  the  terminals  are  far  enough  beyond  the  radio  horizon. 
The  minimum  range  rj  at  which  a  single  term  is  adequate 
in  the  diffraction  region  has  been  derived  from  Reed  and 
Russell  |2)  as 

=r;,+230.2(*V/)"’  (2-*) 

where  is  the  horizon  range  given  by 

r*  =  3.572[v^  +  (25) 

In  (24)  and  (25),  r^and  are  in  km,  hx  and  (i::  are  in  m.  and 
/is  in  MHz.  Ranges  between  the  maximum  range  permitted 
in  the  optical  interference  region  and  the  minimum  range 
permitted  in  the  diffraction  region  ate  said  to  be  in  the 
intermediate  region.  A  contputatior,al  technique  frequently- 
used  for  the  intermediate  region  is  "bold  interpolation" 
described  Kerr  |l].  In  this  techruque,  20  log  F  is 
'omputed  at  both  limits  and  then  linearly  interpolated  with 
range  between  the  two  limits.  As  simple  as  this  technique  is, 
comparisons  to  more  sophisticated  models  prove  it  to  be 
remarkably  good  for  standard  conditions. 

3.7  Yeh  Troposcatter  Model 

At  ranges  sufficiently  far  over  the  horizon,  tropospheric 
scatter,  or  troposcatter,  will  dominate  the  effects  of 
diffraction.  There  are  many  troposcatter  models  available 
with  various  strengths  and  weaknesses,  but  one  that  is  quite 
good  and  very  ea^  to  implement  is  described  by  Yeh  1 121. 
Propagation  loss  in  dB  is  given  by  this  model  as 

=  52.9  + 10(9  +  20log/-  +  301og /  -  0.2(A,  -  3 10)  (26) 

where  d  is  the  scattering  angle  in  degrees  illustrated  in 
Figure  3  and  given  by 

^^57.3-— 

ka  _  (27) 

r,  =  ^Ikahx  =  ^Ikah^ 

where  k.  a,  and  A,  are  as  previously  defined.  For  narrow- 
beam  antermas,  an  aperture-to-medium  coupling  loss  term 
is  usually  added  to  Lp  which  accounts  for  the  reduced 
atmospheric  volume  tliat  is  common  to  both  terminals. 
Also,  Lp  should  be  modified  with  a  frequerKy-gain  function 
described  by  Rice,  et  al.  (13)  in  the  case  of  low  antenna 


heists,  particularly  if  the  frequency  is  also  low.  These 
additional  terms  will  not  be  described  here 

4.  NONSTANDARD  PROPAGATION  MODELS 

Nonstandard  propagation  models  must  be  used  to  assess 
refractive  effects  when  the  actual  atmosphere  carmot  be 
approximated  by  a  standard  atmos(d)ete.  or  when  the  effects 
of  terrain  become  important.  The  simplest  of  these  nuxlels 
are  ray  trace  models  that  illustrate  the  paths  that  radio 
waves  take  in  the  atmosphere,  but.  in  general,  do  not 
conipute  field  strength.  The  most  successful  and  often  used 
field-strength  models  arc  waveguide,  par^lic  equation 
(PE),  and  nybrid  PE  and  ray-optics  tiKxlels  A  brief 
description  of  each  model  follows. 

4.1  Ray  Trace  Model 

A  simple  yet  very  effective  ray  trace  nwdel,  such  as  the  one 
used  in  sev  eral  figures  in  Part  A  of  this  lecture,  is  based  on 
linear  segmentation  of  the  modified  refractivity  profile  in 
height  and  classical  small  angle  approximations  to  Snell's 
law  Since  the  radio  refractive  index  is  not.  in  general,  a 
function  of  frequency,  a  single  ray  trace  diagram  can  be 
considered  representative  of  all  frequencies  for  a  given 
source  height  and  atmospheric  profile.  A  ray  trace  diagram 
consists  of  a  height-versus-tange  di^lay  showing  a  scries  of 
individual  ray  paths,  where  each  ray  is  characterized  by  a 
different  initial  elevation  angle  al  the  source.  For  each  ray 
trajecloiy,  a  series  of  calculations  is  required  to  determine 
the  height  at  a  specified  range,  or  a  range  at  a  specified 
height,  as  the  ray  traverses  through  the  various  linear 
segments  of  the  refractivity  profile.  Ray  s  that  reflea  from 
the  sea  surface  are  assumed  to  have  equal  incident  and 
refleaed  angles.  Although  the  algorithm  to  perform  the  ray 
trace  is  fairly  complicated  in  terms  of  keeping  track  of  the 
various  layers  and  cases  that  must  be  considered,  it  is  a 
straightforward  process  that  can  be  suirunanzed  with  a  few 
cases.  Referring  to  Figure  4.  r,  k.  and  a  are  the  range, 
height,  and  ela  ation  angle  relative  to  the  horizontal  at  the 
begirming  of  a  single  ray  trace  step,  and  r'.  h'.  and  a'  are  the 
same  quantities  at  the  end  of  the  step.  Each  step  must  take 
place  in  a  single  linear  refractivity  layer  between  the  heights 
of  H,  and  //,♦;  at  which  the  modified  refractivity  values  are 
M,  and  A/,+;,  respectively.  Then  define  the  gradient  g,  for 


4H-5 


this  layer  as 

g,=  10"  (A/,,.- A/,  )/(//,„-//,) 

and  consider  the  following  3  cases. 

('ase  I.  h' known. 

a'  = 

r'  =  r  +  (a'-a)/g, 

Case  2.  r'  known. 

a'=  a  +g,{i''-r) 
h'=h  +  {a'~-a-)l(lg,) 

Case  3.  a'  known. 


(28) 


(29) 


(30) 


r'=r+(a'-a)/g, 

h'=h  +  {a‘--a-)f{2g,)  ^  ^ 

If  the  tadicand  in  (29)  is  negative,  then  there  is  no  solution 
for  the  specified  height  since  the  ray  has  reached  a 
maximum  or  minimum  level  in  the  layer.  When  this 
happens,  case  3  should  be  employed  with  a'  set  to  zero. 
Care  must  also  be  exercised  for  case  1  if  a  is  zero,  since  the 
ray  will  then  turn  upward  only  if  g,  >  0.  and  downward  only 
if  g,  <  0.  A  complete  ray  trace  model  can  be  constructed 
using  these  rules  and  tlie  proper  combination  of  cases  I 
through  3. 


4.2  Waveguide  Model 

Waveguide  models  use  normal  mode  theon  to  compute 
field  strength  under  standard  or  nonstandard  refractive 
conditions.  These  models  are  most  useful  for  conditions 
w  here  the  vertical  refiacthity  profile  does  not  change  along 
the  propagation  path  and  where  results  are  desired  at  ranges 
well  beyond  the  horizoa  since  there  are  fewer  modes 
required  in  this  case.  The  use  of  waveguide  models  dales 
back  to  the  early  19(K)s  when  they  were  successfully  used  to 
explain  the  propagation  of  long  wavelength  radio  waves 
around  the  surface  of  the  earth  in  the  waveguide  formed  1^ 
the  earth  and  the  iono^here.  A  very  good  description  of 
waveguide  models  is  given  by  Budden  114].  The 
fundamental  equation  of  mode  theory  is 

R(6>)/ig(6l)esp(-2ik„ho  sinff)  =  I  (32) 

where  is  the  complex  reflection  coefficient  looking 
upward  from  level  fio  in  the  atmosphere,  /ig  is  the  complex 
reflection  coefficient  looking  down  (lowarcb  the  ground)  at 
level  /to,  /(o  is  the  free  space  wave  number  given  by 
kg  ~2n-/ A,  and  d  is  the  complex  angle  of  incidence  or 
reflection  at  level  ho.  For  tropospheric  models,  ho  is  often 
taken  to  be  0.  such  that  (32)  reduces  to 

/?((?)/?^(^)-l  (33) 

and  0  then  refers  to  the  angles  at  the  ground.  There  are  an 
infinite  number  of  solutions  to  (32)  or  (33),  known  as 
eigenangles,  but  fortunately  only  a  limited  number  are 
important  for  practical  applications. 


and  searching  the  curve  defined  by  G=l/((0)/(^((/)|  =  l 

for  solutions  gives  one  method  of  root  extraction.  An 
example  taken  from  the  work  of  Baumgartner  et  al.  115)  is 
shown  in  Figure  5.  The  vertical  axis  is  the  imaginary  part  of 
0  and  the  horizontal  axis  is  the  real  part  of  0.  Modes  with 
attenuation  rates  less  than  1.3  dB/km  are  shown  The  insert 
is  the  modified  reftactivity  profile  used  for  the  calculation 
and  corresponds  to  A/  =  0  at  /i  =  183  m.  For  practical 
purposes,  the  waveguide  results  are  determined  by  the 
reftactivity  gradient  and  translational  effects  from  the 
actual  reftactivity  profile  are  inconsequential.  The  Os  in 
Figure  5  denote  modes  located  on  the  G  curve  traced  from 
the  origin.  The  Xs  denote  modes  found  using  a 
2-dimensional  search  method  described  below  The  mode 
not  found  using  the  G-trace  method  is  a  diffraction  type 
mode  with  an  attenuation  rate  of  0.868  dB/km  that  could  be 
significant  in  some  applications. 

A  better  method  for  finding  the  mode  solutions  is  based  on 
an  algorithm  described  by  Morfitt  and  Shellman  [  16)  and 
illustrated  in  Figure  6.  Implementation  of  the  method 
requires  searching  the  periphery  of  a  rectangular  region  of 
the  eigenangle  space  for  0°  or  180°  phase  contours  of  the 
modal  functioiL  which  is  required  to  be  analytic  within  and 


Crucial  to  any  successful  waveguide  pnogram  is  the 
determination  of  all  significant  solutions  of  (32)  or  (33). 
One  solution  to  the  equation  is  0.  Using  this  knowledge 


on  the  boundary  of  the  search  rectangle.  This  requirement 
guarantees  that  phase  contours  that  enter  the  search 
rectangle  must  either  terminate  on  zeros  of  the  modal 
function  or  exit  the  search  rectangle,  as  shown  in  Figure  6. 
A  method  for  satisfying  the  analytic  requirement  is  given  by 
Baumgartner  [17],  who  has  put  the  Shellman-Morfitt  root* 
finding  algorithm  to  excellent  use  for  tropospheric 
waveguide  calculations. 

Once  the  eigenangles  are  determined,  the  propagation 
factor  F  can  be  computed  as 

F  =  ^  )«,(*2  )exp{-iVcos6i„ )  (34) 

^sm(r/a) 

where /is  frequency  in  MHz,  r  is  range  in  km,  a  is  the  earth 
radius  in  km,  g„  is  the  height-gain  function  normalized  to 
unity  at  level  Ao,  h,  and  Aj  are  the  transmitter  and  receiver 
heights,  is  the  nth  eigenangle.  and  .V  is  the  total  number 
of  modes  used.  A,  is  the  excitation  factor  given  by 


where  R.  Rg.  and  the  derivative  are  all  evaluated  at  0„. 
Equations  (34)  and  (3S)  are  consistent  with  the  plane  wave 
reflection  coefiicient  formalism  of  Budden  [141  The  height- 
gain  functron  for  horizontal  polarization,  and  to  a  good 
ai^roximation  for  vertical  polarization,  obeys  the  equation 

■^^  +  Ao^[n»^(A)-cos^  0„]g„  =  0  (36) 

where  nr  is  the  modified  refractive  index  given  the 
relation  m  =  n+hl  a  . 

The  original  work  of  Baumgartner  [17]  using  the  methods 
outlined  here  has  been  expanded  to  include  consideration  of 
multiple  refiactivity  levels,  complete  treatment  of  vertical  as 
well  as  horizontal  polarization,  itKlusion  of  the  CCIR 
electrical  characteristics  for  the  sea,  and  the  Miller-Brown 
surface  roughness  rrKxlel.  This  program  is  now  krrown  as 
MLAYER.  and  will  be  used  for  some  of  the  application 
examples  later  in  this  lecture. 

As  mentioned  earlier,  waveguide  models  are  most  useful  for 
horizontally  homogeneous  rcfiactivity  environments. 
However,  they  can  be  applied  to  inhomogeneous 
envirorunents  as  well,  by  breaking  the  waveguide  up  into 
horizontal  slabs  and  using  a  technique  known  as  mode 
conversion.  Cho  and  Wait  [18]  and  Pappert  [19]  have 
shown  good  success  using  this  method,  but  it  is  much  less 
efficient  than  parabolic  equation  models,  and  hence  for 
practical  applications  it  has  not  been  developed  any  further. 

4.3  Parabolic  Equatkm  Model 
In  1946  Fodc  (20|  used  the  parabolic  equation  method  to 
describe  electromagnetic  propagation  in  a  vertically 
stratified  troposphere.  In  1973  Hardin  and  Tappert  [21] 
developed  an  efficient  pnactical  solution  called  the  ^lit-step 
Fourier  method  based  cm  fast  Fourier  transforms  (FFTs) 


that  has  been  widelv  applied  to  ocean  acoustic  propagation 
starting  in  the  mid  197()s.  In  the  early  1980s  Ko  et  al.  ]22] 
applied  the  split-step  PE  method  to  radio  propagation,  and 
since  that  time,  many  applications  of  the  same  basic  method 
have  been  applied  to  radio  propagation  [23-25]. 

There  are  several  advantages  to  the  ^lit-stq)  PE  method. 
First,  and  probably  most  important,  it  allows  for  efficient 
modeling  of  environments  where  the  vertical  reftactivity 
profile  changes  along  the  propagation  path.  Howe\'er.  this 
method  also  has  the  advantage  that  it  works  well  within  the 
borizoa  near  the  horizoa  and  over  the  horizoa  thus 
allowing  for  single  model  assessments  in  many  important 
applications.  Another  advantage  of  this  tiKxkl  is  that  it  has 
proven  to  be  very  robust  in  the  sense  that  it  works  well  for 
any  practical  environmental  condition.  However,  the 
method  also  has  disadvantages.  Probably  the  biggest 
disadvantage  is  that  it  requires  very  large  computer 
resources,  both  in  terms  of  memory'  and  run  time,  for 
applications  involving  combinations  of  high  frequencies, 
high  elevation  angles,  high  termirtals.  and  long  maximum 
ranges.  Another  disadvantage  is  that  rough  surface  effects 
are  difficult  to  account  for  rigorously  in  the  model. 

The  split-step  PE  model  is  a  range  step  model  that  advances 
the  field  incrcmciitaiiy  over  fairly  small  taiigc  steps,  wliich 
allows  the  refractive  structure  to  change  slowly  with  range. 
Let  the  complex  field  be  represented  by  u(r,h)  and  the 
range  step  be  dr.  Then  the  simplest  form  of  the  split-step  PE 
model  advances  the  field  according  to 

u(r+dr.h)  =  exp|;AQ4^[lO‘*A/(r,A)]j 

r  T  (37) 

•  J'  [(/ (r ,  p)sxp{-ip^a-/2k^ )] 

where  M  is  modified  reftactivity  as  a  function  of  range  and 
height.  The  Fourier  transform  of  u{r.h)  is  defined  as 

(/(r,/>)  =  jF[«(r.A)]  =  f  u(r.h)e\p{-iph)ilh  (38) 

J  -oO 

where  /?  =  Kg  sind ,  and  d  is  the  angle  from  the  horizontal. 
Typically,  a  filter  is  applied  to  the  upper  one  quarter  of  the 
field  in  both  h  and  p  spaces  to  ensure  that  the  field  reduces 
to  zero  at  the  top  of  the  transforms.  There  are  many  details 
concerning  the  appropriate  size  of  the  height  mesh, 
maximum  angle,  proper  range  step,  type  of  filters,  and 
starting  solutions  that  must  be  considered  in  addition  to  (37) 
and  (38),  but  they  will  not  be  discussed  further  here.  One 
crucial  issue  is  the  method  used  to  interpolate  between 
successive  refractivify  profiles  in  range-dependent  cases. 
Barrios  [25]  has  discussed  this  issue  in  detail  and  shows 
that  interpolation  between  height  and  refiactivity 
parameters  of  corresponding  features  in  the  profiles  is  much 
superior  to  simple  alg^raic  interpolation.  A  number  of 
examples  using  PE  models  are  presented  in  a  later  section. 

The  parabolic  equation  may  also  be  solved  using  a  fuute- 
difference  numerical  solution,  aitd  this  method  has  some 
advantages  that  are  particularly  important  to  propagation 
over  irregular  terrain,  as  demonstrated  by  Le^  [26], 
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Figure  7.  Sample  coverage  diagram  from  the  TPEM  program  show  ing  effects  of  ducting  and  terrain. 


However,  this  method  tjpically  requires  a  many-fold 
increase  in  computer  time  compared  to  the  split-step  PE 
model.  The  ^lii-step  PE  method  has  also  been  applied  to 
propagation  over  terrain,  as  described  b>'  McArthur  |271 
and  more  recently  Barrios  (28|.  Figure  7  is  an  example  of 
this  latter  work  for  a  ducting  case  over  terrain  using  the 
Terrain  Parabolic  Equation  Model  (TPEM).  The  gray 
shades  in  the  figure  correspond  to  5  dB  increments  of 
propagation  loss. 

4.4  Hybrid  Methods 

PE  methods  usually  demand  a  large  amount  of  computer 
time,  especially  if  a  combination  of  high  frequencies,  high 
elevation  angles,  high  terminals,  and  long  nia.\imum  ranges 
IS  desired,  or  if  terrain  must  be  accounted  for  in  the  model. 
In  some  cases  this  high  computational  burden  can  be 
ov  ercome  by  combining  the  best  features  of  various  methods 
into  a  hybrid  model.  One  example  of  such  a  hybrid  nrodel  is 
the  Radio  Physical  Optics  (RPO)  model  described  by  Hitney 
(29|.  In  this  model,  a  simple  split-step  PE  model  is 
combined  with  various  ray  optics  models  to  create  a  hybrid 
model  that  can  be  up  to  I(X)  times  faster  than  a  pure  split- 
step  PE  model  for  stressful  cases.  Ray  optics  models  and  PE 
models  are  very  complementary,  since  the  former  work  very 
well  at  angles  above  some  small  angle,  and  the  latter  are 
very  efficient  provided  only  small  angles  are  considered. 

Figure  8  illustrates  the  four  regions,  or  submodels, 
considered  in  RPO.  At  ranges  less  than  2500  m  and  for  all 
elevation  angles  above  5  degrees,  RPO  uses  a  flat  earth  (FE) 
model  that  ignores  refraction  and  earth  curvature  effects. 
For  the  region  beyond  the  FE  region  where  the  grazing 
angles  of  reflected  rays  from  the  transmitter  are  above  a 


small  limiting  value,  a  full  ray  optics  (RO)  model  is  used 
that  accounts  for  the  effects  of  refraction  and  earth 
curvature.  The  PE  model  is  used  for  ra-ges  beyond  the  RO 
region,  but  only  for  altitudes  below  a  maximum  PE  altitude 
determined  by  the  maximum  FFT  size  (1024)  allowed.  For 
ranges  beyond  the  RO  region  and  hciglits  above  the  PE 
region,  an  extended  optics  (XO)  method  is  used  that  is 
initialized  by  Uie  PE  model  at  the  maximum  PE  altitude, 
and  uses  ray  optics  methods  to  propagate  the  signal  to 
higher  altitudes.  Continuity  of  tlie  solutions  across  each 
region's  boundaries  is  kept  to  less  than  0.1  dB  by  careful 
selection  of  the  limiting  RO  grazing  angle  and  the 
maximum  PE  propagation  angle.  A  special  troposcatter 
model  |30)  was  developed  for  the  PE  portion  of  RPO  such 
that  this  mechanism  can  be  simulated  efficiently  in  the 
hybrid  model.  This  semiempirical  scatter  model  adds  a 
random  fluctuation  to  the  mean  refractive-index  value  at 
each  height  considered  by  the  PE  model 
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Height  (m) 

Refractivity  (M  units) 

0 

.367 

267 

401 

465 

354 

3(KX) 

703 

Table  2.  Mcxiificd  refracti%it>  versus  height  profile  for  the 
surface-based  ducting  case  of  Figure  9 

Figure  9  compares  the  propagation  factor  versus  altitude 
computed  using  (a)  RPO.  (b)  \va\eguide,  and  (c)  pure  split- 
step  PE  models  for  a  homogeneous  surface-based  duct 
defined  by  Table  2.  A  horizontally  homogeneous  case  uas 
selected  for  this  test  according  to  the  waveguide  model 
requirements.  The  frequency  is  .1.0  GHz,  the  antenna  height 
is  30.5  meters,  the  range  is  185  km,  the  polarization  is 
horizontal,  the  antenna  pattern  is  omnidirectional,  and  a 
smooth  sea  surface  was  assumed.  Figure  9(a)  show's  the 
RPO  results  for  the  ducting  case  by  a  solid  curve,  and  the 
corresponding  standard-atmosphere  case  by  a  dot-dash 
curve.  The  dotted  horizontal  lines  in  Figure  9(a)  indicate 
the  boundaries  of  the  PE,  XO,  and  RO  regions  for  the 
ducting  case.  The  effects  of  the  strong  duct  in  all  three  of 
the  RPO  regions  is  clear  from  a  compurison  the  ducting 
and  standard  curves.  The  results  from  the  waveguide  and 
pure  PE  nxxfels  given  in  9(b)  and  9(c)  are  virtually  identical 
to  the  hybrid  results  from  RPO.  The  times  required  to 
compute  the  ducting  cases  in  Figure  9  on  a  25  MHz 


IBM/PC -compatible  computer  were  69  381.  and  310 
seconds  for  the  RPO,  waveguide,  and  pure  PE  models, 
respectively. 

Since  there  is  no  simple  way  to  account  for  surface 
roughness  effects  rigorously  in  PE  models,  a  semiempirical 
method  was  developed  for  the  PE  submodel  of  RPO  based 
on  several  sample  waveguide  model  results  |3I|.  This 
model  is  used  only  for  surface  ducting  conditions  and 
accounts  for  both  vertical  polarization  and  rough  surface 
effects.  The  method  computes  a  boundaiy  loss  factor  based 
on  (6)  and  (7)  for  the  maximum  grazing  angle  if/  that  can  be 
trapped  in  the  surface  duct.  The  PE  model  is  modified  by 
multiplying  the  magnitude  of  the  lowest  held  point  by  the 
boundary  loss  factor  immediately  before  each  range  step 
calculation.  This  simple  method  is  very  efficient,  and  results 
from  RPO  using  the  method  match  waveguide  results  and 
data  quite  well.  Some  examples  are  presented  in  a 
ion. 

3  h  .0  submodel  of  RPO  assumes  tlie  propagation  factor 
is  constant  along  a  ray  traced  from  the  top  of  the  PE  region 
to  all  higher  altitudes  This  assumption  appears  to  be  quite 
good  for  pr'-pagation  over  the  sea,  even  under  range 
dependent  reii..,  live  conditions.  However,  in  the  case  of 
propagation  over  •  ;rTain,  jch  a  simple  model  is  not  likely 
to  work  well,  since  there  are  typically  m  ;!tiple  secondary 
sources  corresponding  to  peaks  in  the  lermia  etc.  Two 
methods  have  been  developed  that  shoalt'  be  effective  for 
these  cases.  Marcus  132)  has  developed  a  ’lybnd  model  that 
uses  a  finite  difference  PE  mode'  at  lower  altitudes  and 
Green's  function  solutions  at  higher  akih.ides  for  this 
application.  Levy  |33I  has  developed  *  horizonial  PE 
method  tliat  can  be  used  to  project  PE  model  results  to 
higher  altitudes.  Using  this  model,  a  regular  finite- 
difference  or  split-step  vertical  PE  model  is  tun  to  the 
maximum  range  of  interest,  thus  obtaining  a  solution  on  an 
initial  horizontal  at  the  maximum  vertical  PE  altitude.  The 
horizontal  PE  method  then  requires  one  initial  FFT  at  this 
altitude,  plus  one  inverse  FFT  at  each  altitude  of  interest. 

5.  ASSESSMENT  SYSTEMS 

Refractive  effects  assessment  ^sterns  are  computer  systems 
and  associated  software  that  allow  a  user  to  define  and 
manipulate  lefractivity  data  run  radio  propagation  models 
on  that  data  and  display  the  results  in  terms  of  expected 
performance  on  actual  or  proposed  electromagnetic  systems. 
Applications  include  radar,  communications,  electronic 
warfare,  and  weapons  effects  assessment.  Assessment 
systems  can  be  directed  at  operational  assessment  or  at 
engineering  assessment.  Following  are  discussions  of  the 
three  assessment  systems  that  the  author  has  been 
associated  with  over  the  last  20  years  and  that  are  primarily 
used  by  the  United  States  Navy.  There  are  many  other 
similar  systems  in  use  in  various  countries. 

5.1IREPS 

The  Integrated  Refractive  Effects  Prediction  System 
(IREPS)  was  developed  in  the  ^rly  1970<!  as  an  operational 
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assessment  system  |34].  The  original  system  was  based  on 
Hewlett-Packard  desktop  computers  and  the  programming 
language  was  HP-BASIC,  but  an  IBM/PC-compatibie 
version  is  also  available  that  uses  the  C  programming 
language.  IREPS  allows  inputs  from  radiosondes  or  the 
airborne  microwave  refractometer  on  the  E-2  aircraft  to 
define  a  single  refractivity  profile  that  is  assumed  to  be 
homogeneous  in  range  and  azimuth.  The  propagation 
models  are  a  combination  of  the  standard  propagation 
models  described  earlier,  easy-to-compute  approximations 
to  waveguide  program  results  for  evaporation  and  surface - 
based  ducts,  and  ray  trace  models.  IREPS  considers  both 
surface  systems  and  airborne  systems,  but  uses  separate 
models  for  each  type.  Surface  systems  are  used  for 
applications  where  one  terminal  is  within  100  m  of  the  sea 
surface.  Typical  applications  are  shipboard  sensors,  but 
certain  low-sited  coastal  applications  can  also  be  assessed  by 
IREPS.  For  surface  systems,  the  eflects  of  the  refractivity' 
profile  in  the  optical  interference,  diffraction,  and  tropo- 
scatter  regions  are  accounted  for,  as  well  as  effects  from  the 
evaporation  duct  and  surface-based  ducts  from  elevated 
trapping  layers.  Antenna  pattern  eflects  plus  a  radar 
detection  model  are  included.  The  frequency  limits  are  100 
MHz  to  20  GHz.  For  airborne  systems,  a  ray  trace  model, 
modified  by  anterma  panem  effects,  is  used  to  assess  the 
effects  of  elevated  ducts  or  other  refracthity  features  on  air- 
to-air  system  coverage.  However,  the  airborne  assessments 
do  not  u.«e  a  field  strength  propagation  model,  hence  the 
displays  are  mostly'  of  a  qualitative,  rather  than  a 
quantitative,  nature. 

The  primary  IREPS  displays  are  propagation-loss-versus- 
range  plots  or  range-versus-height  coverage  diagrams.  By 
far.  the  most  important  use  of  the  IREPS  displays  has  been 
in  selecting  the  best  flight  profile  to  penetrate  an  enemy's 
radar  coverage.  For  example,  under  nonducting  conditions 
it  is  best  for  an  attack  aircraft  to  fly  a  profile  that  is  very  low 
in  altitude,  since  this  will  result  in  relatively  short  radar 
detection  ranges.  On  the  other  hand,  for  surface-based 
ducting  conditions  a  low  flight  profile  may  well  result  in 
radar  detection  ranges  that  greatly  exceed  the  normal 
detection  range.  Under  these  conditions  it  is  usually  better  to 
fly  at  an  altitude  slightly  above  the  top  of  the  duct.  Note  that 
for  this  application,  it  is  only  the  relative  performance  of  the 
radar  in  detecting  targets  at  different  altitudes  that  is  most 
important  as  opposed  to  absolute  range  predictions.  The 
use  of  IREPS  coverage  diagrams  in  strike  warfare  flight 
profile  selection  has  been  verified  operationally  to  be 
cfiectivc  about  85%  percent  of  the  time.  IREPS  has  been 
used  for  many  other  applications,  but  the  effectiveness  is 
normally  much  less  than  the  strike  warfare  applicatioa 
since  the  absolute  performance  thresholds  of  the  equipment 
being  assessed  is  very  difficult  to  determine  in  an 
operational  environment. 

5.2  TESS 

The  functions  of  IREPS  have  been  fully  incorporated  into 
llic  Tactical  Em'iromr.cntal  Support  System  (TESSj  for  use 
within  the  U  S.  Navy  [35].  TESS  is  a  comprehensive 


environmental  effects  computer  workstation  that  provides 
and  displays  information  for  the  Nav'y's  tactical  decision 
makers.  TESS  is  a  direct  descendent  of  the  first  IREPS 
which  was  fielded  in  1979.  The  first  phase  of  TESS  was 
operational  in  1985  aiul  was  based  on  Hewlett-Packard 
desktop  computers  similar  to  the  original  IREPS.  TESS  has 
evolved  into  a  very  capable  system  using  Masscomp 
computers  with  multiple  processors  and  continuous  on-line 
electronic  interfaces  to  satellite  data  and  other  observation 
and  warning  data.  When  fully  deployed,  TESS  will  be  on 
all  surface  ships  that  have  officers  flained  in  the 
environmental  sciences,  including  aircraft  carriers, 
helicopter  carriers,  and  amphibious  assault  ships,  plus 
several  shore  facilities. 

The  capabilities  and  applications  of  TESS  are  very  much 
greater  than  the  original  IREPS.  They  include  real  time 
satellite  data,  including  inuigeiy,  and  the  ability  to  analyze 
and  overlay  this  data  with  other  meteorological  analyses 
and  forecasts,  such  as  contoured  grid  fields.  There  are  many 
aviation-related  and  general  weather  applications,  such  as 
fog  probability  forecasts  and  jet  stream  location  display  s. 
However,  TESS  also  remains  the  host  sy  stem  for  both  ocean 
acoustic  propagation  and  atmospheric  electromagnetic 
propagation  assessment. 

The  current  radio  propagation  assessment  models  and 
displays  in  TESS  are  basically  the  same  as  those  found  in 
the  original  IREPS.  By  November  1994  TESS  is  scheduled 
to  have  a  range-dependent  refractive  effects  assessment 
capability  based  on  the  hybrid  RPO  model  described  earlier 
Initially,  this  capability  will  consist  of  RPO  plus 
meteorological  driver  modules  that  are  required  to  match 
refractive  structures  and  interpolate  between  measured  or 
forecast  refractivity  profiles,  and  drivers  to  create  a 
refractivity  profile  for  the  evaporation  duct  and  merge  it 
with  upper-air  refractivity  profiles.  The  radar  or  other 
system  performance  models  will  be  the  same  as  IREPS  and 
the  displays  will  be  single  propagation  loss  plots  or  coverage 
diagrams.  Eventually.  TESS  should  include  some  form  of  a 
three  dimensional  coverage  diagram,  such  that  range  and 
azimuth  dependent  assessments  can  be  displayed. 

5.3  EREPS 

The  Engineer’s  Refiactive  Effects  Prediction  System 
(EREPS)  is  a  derivative  of  IREPS  that  is  optimized  for  use 
by  engineers  and  scientists,  instead  of  operational  tactical 
decision  makers  [36-37],  Soon  after  IREPS  was  introduced, 
many  scientists  and  engineers  at  laboratories  were  using  the 
models  to  simulate  ^stem  performance  on  hypothetical  or 
proposed  ^sterns.  Since  the  original  software  was  not 
designed  for  this  purpose,  many  user-interface  deficiencies 
in  such  a  use  were  soon  identified.  For  example,  most 
engineers  prefer  to  graphically  compare  performance  results 
in  terms  of  a  single  design  parameter,  such  as  radar  pulse 
length.  Also,  in  designing  a  new  system,  one  is  usually 
more  interested  in  long-term  statistical  performance  than  in 
single -event  performance  that  the  tactical  dectskm  aids  ot 
IREPS  were  designed  to  assess. 
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The  EREPS  displays  in  many  cases  look  similar  to  those  of 
IREPS.  but  the  capabilities  of  the  user  to  edit  the  various 
parameters  is  greatly  increased.  Most  displays  can  be 
overlaid  on  other  similar  displays,  and  there  are  extensive 
editing,  labeling,  and  crosshair  capabilities.  EREPS  consists 
of  5  IBM/PC-compatible  DOS  programs  named  COVER, 
PROPR,  PROPH,  RAYS,  and  SDS.  COVER  produces  a 
range-versus>height  coverage  diagram  for  surface  systems, 
PROPR  produces  a  propagation-loss-versus-iange  plot, 
PROPH  produces  a  propagation-loss-versus-height  plot, 
RAYS  is  a  lange-versus-height  ray  trace,  and  SDS  is  the 
Sui^ce  Duct  Summary  program  described  in  Part  A  of  this 
lecture.  The  EREPS  mo^ls  ate  generally  the  same  as  those 
used  in  IREPS  described  above.  In  additioa  the  latest 
versions  of  EREPS  ate  capable  of  reading  binary  files  of 
propagation  loss  versus  range  and  height  that  ate  generated 
b>'  the  RPO  program,  so  it  is  possible  to  combine  the  radar 
system  model  or  graphical  capabilities  of  EREPS  with  a 
high-fidelity  range-dependent  propagation  model.  Many  of 
the  application  examples  presented  in  the  next  section  were 
generated  using  EREPS  programs. 

6.  APPUCATION  EXAMPLES 

This  section  consists  of  several  e.\amples  of  propagation 
calculations  using  the  models  presented  in  this  paper 
compared  to  propagation  measurements.  In  most  cases,  all 
of  the  input  parameters  needed  by  the  models  ate  included 
such  that  the  reader  may  use  the  examples  for  comparisons 
with  the  results  of  other  models.  Horizontal  polarization  is 
assumed  in  all  the  examples  unless  stated  otherwise. 

6.1  Optical  Interference  Region 

This  e.xample  illustrates  propagation  effects  for  a  near¬ 
standard  atmosphere  within  the  optical  interference  region 
based  on  one  sample  of  a  series  of  measurements  reported 
by  Hopkins  et  al  (381.  These  measurements  consisted  of 
field  strength  recordings  versus  range  from  a  high-altitude 
jet  aircraft  by  a  ground  based  receiver  at  2 18,  4 18.  and  1089 


MHz.  The  paths  were  flown  entirely  over  water  and  both 
vertical  and  horizontal  polarizations  were  used.  Measure¬ 
ments  were  made  on  several  different  days,  and  refractivity 
soundings  were  made  at  the  receiver  site.  Figure  10  shows 
results  at  418  MHz  for  vertical  polarization  for  a  case 
characterized  by  a  very  nearly  standard  refractivity'  profile, 
where  the  assumption  that  k  =  4/3  is  very  good.  In  this  case, 
the  transmitter  height  was  8689  m  and  the  receiver  height 
was  33.2  m.  Figure  10  shows  the  propagation  factor  versus 
range  modeled  by  EREPS  and  observed.  In  this  case,  tlie 
two  ate  in  excellent  agreement. 

6.2  Diffraction  and  Traposcatter 
This  example  compares  diffraction  and  troposcatter  models 
to  measurements  reported  by  Ames  et  al.  139|  at  220  MHz. 
Signal  levels  from  a  source  23.5  m  above  mean  sea  Ir.el 
were  recorded  in  an  aircraft  that  flew  an  over  water  path 
between  Scituate,  Massachusetts  toward  Sable  Island. 
Figure  1 1  shows  measured  data  recorded  on  1 7  December 
1953  and  modeled  results  from  EREPS  and  RPO.  For  the 
models  used  here,  a  standard  atmosphere  having  a  vertical 
refractivity  gradient  of  1 18  W  units  per  km  was  assumed, 
corresponding  \ok  =  4/3.  For  EREPS.  a  surface  refractivity 
value  of  339  N  units  was  also  assumed,  based  on  long  term 
average  values  for  the  area.  The  RPO  model  was  applied 
both  with  and  witlicut  its  scatter  model.  In  the  diffraction 
region,  at  ranges  rouglily  between  20()  and  300  km,  EREPS, 
RPO,  and  the  observations  are  all  in  excellent  agreement.  In 
the  troposcatter  region,  the  Yeh  model  used  in  EREPS 
results  in  loss  values  about  15  dB  less  than  observed.  RPO 
without  the  scatter  model  clearly  overestimates  tire  loss  in 
the  troposcatter  region,  but  with  the  scatter  model  included, 
the  results  match  the  observations  quite  well. 


6.3  Evaporation  Duct  at  9.6  GHz 
This  case  illustrates  the  use  of  RPO  to  model  propagation  in 
the  evaporation  duct  at  9.6  GHz.  The  measurements  are 
taken  fix>m  an  experiment  performed  in  1972  between  the 
Greek  islands  of  Naxos  and  Mykonos  and  repotted  by 


Richter  and  Hitne>  [40|  The  frequencies  investigated  in 
this  experiment  were  1.0,  3.0.  9.6,  18.0.  and  37.4  GHz,  but 
only  the  9.6  GHz  case  will  be  used  in  this  section  The 
transmitter  was  on  Naxos  at  a  height  of  4.8  m  above  mean 
sea  level  (msl),  aitd  the  receiver  was  on  Mykonos  and 
switched  every  five  minutes  between  heights  of  4  9,  10.0, 
and  19.4  m  above  msl.  The  path  length  was  35.2  km 

Meteorological  measurements  were  made  at  both  e.Kls  of 
the  path  from  which  evaporation  duct  heights  and  profiles 
were  computed  using  the  methods  outlined  by  Paulus  (4 1 1. 
On  10  November  1972  at  1200  at  Mykonos,  the  wind  speed 
was  recorded  as  17.5  knots,  the  air  temperature  was 
17.0  °C,  the  sea  temperature  was  17,0  °C,  and  the  relative 
humidity  was  84%.  Based  on  these  measurements,  the 
evaporation  duct  heiaht  was  computed  to  be  10.4  m,  and  the 
corresponding  refractivity  profile  is  given  in  Table  3  Tlte 
modified  refractivity  values  are  relative  to  the  surface  value. 


Height  (m) 

Refractivity  (4/ units) 

0.0 

00 

0.135 

-8.83 

0.223 

-9.46 

0.368 

-10.09 

0.607 

-10.71 

1.000 

-11.31 

1  649 

-11.88 

2.718 

-12.40 

4482 

-12.83 

7.389 

-13.11 

10.400 

-13.18 

12.182 

-13.16 

20.086 

-12.83 

33  115 

-11.85 

54.598 

-9.81 

90.017 

-6.03 

148413 

0.62 

Table  3.  Refractivity  profile  for  meteorological  observations 
at  1200  on  10  Nov'  72  at  Mykonos  The  evaporation  duct 
height  is  10.4  meters.  Profile  is  used  by  RPO  for  Figure  12. 

The  profile  of  Table  3  was  used  by  RPO  to  compute  loss 
versus  receiver  height  as  shown  in  Figure  12.  Also  included 
in  Figure  12  ate  a  flee  space  reference  and  an  EREPS  result 
for  a  standard  atmosphere.  The  propagation  loss  observed  at 
1200  on  10  November  at  the  lowest  height  of  4.9  m  is  also 
indicated  in  the  figure.  The  observed  loss  is  much  closer  to 
RPO  and  free  space  than  the  standard  atmosphere  model. 
The  same  technique  used  to  generate  the  RPO  results  in 
Figure  12  was  ai^lied  each  hour  throughout  the  November 
measurement  period  and  is  illustrated  in  Figure  13.  The 
overall  fit  of  Uie  observations  to  the  RPO  model  is  quite 
good,  in  spite  td*  a  few  periods  of  substantial  mismatch. 
Both  RPO  and  the  observations  show  increases  of  signal 
level  by  the  evaporation  duct  of  up  to  60  dB  compared  to  the 
difiraction  case. 


6.4  Evaporation  Duct  at  37.4  GHz 

This  example  illustrates  the  effects  of  surface  roughness  in  a 
ducting  envirorunent.  The  measurements  are  also  from  the 
Gredt  islands  experiment,  but  at  the  highest  frequency  of 

37.4  GHz.  In  this  case,  the  transmitter  and  receiver  were  5. 1 
and  3.6  m  above  msl,  respectively.  Figure  14  shows 
modeled  propagation  loss  versus  height  at  3S.2  km  for  this 
case  based  on  a  12  m  evaporation  duct  refractivi^  profile 
given  in  Table  4.  The  most  trusted  nuxlel  for  sur&ce 
roughness  is  MLAYER,  which  was  run  with  an  assumed 
wind  speed  of  10  m/s.  RPO  was  also  run  for  this  satiK  case, 
and  the  results  ate  seen  to  compare  quite  well  with  the 
results  from  MLAYER.  For  comparison,  RPO  was  also  run 
for  the  smooth  surface  case  and  itKiuded  in  the  figure.  From 
Figure  14  it  is  clear  that  sur&ce  roughness  ^ects  can 
substantially  reduce  the  itKieased  signal  levels  typical  the 
evaporation  duct  at  high  frequencies. 
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Figure  14.  Comparisons  of  RPO  and  MLAYER  models 
for  a  12  m  evaporation  duct  at  37.4  GHz.  Transmitter 
height  IS  5. 1  m  and  the  range  is  35.2  km. _ 
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Figure  15.  RPO  results  with  and  without  roughness 
model  compared  to  observations  at  37.4  GHz.  Terminal 
heights  are  5.1  and  3.6  meters  above  mean  sea  level. 


Height  (m) 

Refractivity  (4/ units) 

0.0 

0.0 

0.135 

-10.19 

0.223 

-10.93 

0.368 

-11.66 

0.607 

-12.38 

1.000 

-13.08 

1.649 

-1.3.75 

2.718 

-14.37 

4.482 

-14.90 

7.. 389 

-15.28 

12.1K)0 

-15.44 

12.182 

-15.43 

20.08O 

-15.20 

33.115 

-14.32 

54.598 

-12  38 

90.017 

-8.71 

148.41.3 

-2.16 

Table  4.  Refractivity  profile  for  12  meter  evaporation  duct 
height  used  by  RPO  and  MLAYER  for  Figure  14 

Figure  15  was  prepared  using  the  same  methods  as  Figure 
13  to  illustrate  the  overall  benefit  of  accounting  for  surface 
roughness  effects.  The  u|:^r  panel  shows  RPO  model 
results  without  a  roughness  submodel  and  the  lower  panel 
shows  the  RPO  results  with  the  roughness  submodel.  The 
roughness  model  is  clearly  superior  at  matching  the  entire 
data  period,  especially  during  the  first  few  days  when  the 
wind  speeds  were  relatively  high.  It  should  be  pointed  out 
that  RPO  does  not  include  an  absorption  model.  If  it  did.  the 
modeled  loss  would  be  approximately  5  dB  higher,  which 
would  fit  the  observations  even  better. 

6.5  Evaporatkm  DiKt  at  94  GHz 
This  example  illustrates  the  combined  effects  of  the 
evaporation  duct,  sui£ice  roughness,  and  absorption  at  94 
GHz.  The  measurements  are  from  an  experiment  performed 
1^  Anderson  (42).  The  propagation  path  was  40.6  km  long 


and  entirely  over  water  along  tlie  coastline  just  north  of  San 
Diego.  The  transmitter  and  receiver  antennas  were  5.0  and 
9.7  m  above  mean  low  water,  respectively.  Meteorological 
support  measurements  were  made  at  each  end  of  tlie  path. 
At  the  begimiing  of  one  measurement  period  in  October 
1986.  the  ev  aporation  duct  height  was  computed  to  be  about 
6  m  and  the  wind  speed  was  measured  at  8  knots.  Figure  16 
shows  modeled  results  from  MLAYER  for  three  conditions. 
The  first  is  for  a  6  m  evaporation  duct  height  based  on  the 
refractivitv  profile  given  in  Table  5.  and  smooth  surface 
conditions.  The  second  is  for  the  same  duct  plus  surface 
roughness  corresponding  to  a  wind  speed  of  8  knots,  and 
the  third  is  for  a  standard  atmosphere  and  a  smooth  surface 
The  propagation  loss  in  Figure  16  does  not  include 
absorption  by  atmospheric  gases,  which  was  typically  35  dB 
on  this  path.  The  observed  propagation  loss,  less  the 
computed  absorption,  is  also  shown  in  this  figure  as  an 
asterisk.  The  observed  loss  in  this  case  is  seen  to  be 
substantially  less  than  expected  for  a  standard  atmosphere, 
but  not  quite  as  low  as  predicted  for  the  ducting  case,  either 
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with  or  without  surface  roughness  A  possible  reason  for 
this  discrepancy  is  the  inability  to  properly  assess  hon/ontal 
variations  of  either  ducting  or  surface  roughness  without 
meteorological  measurements  along  the  path. 


Height  (m) 

Rcfractivity  (A/ units) 

0.0 

0.0 

0  135 

-5.09 

0.223 

-5.45 

0.368 

-581 

0.607 

-6  15 

l.tKX) 

-6.48 

1.649 

-6.77 

2.718 

-7.01 

4.482 

-7.17 

6.(K)0 

-7.20 

7.389 

-7.18 

12.182 

-6.% 

20.086 

-6.34 

33.115 

-5.09 

54598 

-2.78 

90.017 

1.27 

148413 

820 

Table  5.  Refraclivity  profile  for  6  meter  evaporation  duct 
height  used  by  MLAYER  for  Figure  16. 

Figure  17  shows  propagation  loss  versus  time  for  the  entire 
two  week  measurement  period  in  Oaober  1986.  The  upper 
solid  line  represents  loss  trodeled  with  MLAYER  in  the 
same  manner  as  in  Figure  16.  including  rougliness  effects, 
based  on  the  computed  durt  height  and  measured  wind 
speed  In  Figure  17.  molecular  absorption  is  included  in  the 
model  by  adding  on  an  absorption  term  based  on  the 
measured  temperature  and  humidity  following  the  methods 
of  Liebe  et  al.  [43]  The  observed  propagation  loss  including 
absorption  is  shown  by  the  dots  and  generally  follows  the 
model  very  well.  For  comparisoa  the  lower  solid  line  in 
Figure  17  is  loss  modeled  by  diffraction  and  absorption  It  is 
clear  from  this  figure  that  the  evaporation  dua  is  a  very 
significant  propagation  mechanism  on  this  path,  accounting 
for  60-80  dB  increases  in  signal  compared  to  diffraction. 
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Figure  17.  Modeled  and  observed  propagation  loss  for  a 
tw'o  week  period  at  94  GHz.  Terminal  heights  arc  5  and 
9.7  m  and  range  is  40.6  km.  Absorption  included. _ 


6.6  Surface  Based  Duct 

This  case  illustrates  tlie  use  of  RPO  to  model  propagatior;  in 
a  surface  based  duct  at  170  MHz  The  measurements  were 
made  by  the  U  S.  Navy  Electromcs  Laboratory  144|  on  a 
500  km  over-water  path  between  San  Diego.  Califonua  and 
Guadalupe  Isle,  Mexico.  An  aircrafi  was  fitted  with 
transmitters  al  63,  170,  520,  and  33(X)  MHz  and  leceivers 
and  recorders  were  located  in  San  Diego  with  antennas  al 
either  30.5  or  150  m  above  sea  level.  The  aircraft  flew 
sawtooth  profiles  out  to  about  500  km  with  altihide  varying 
from  near  zero  to  1200  m.  Refraclivity  profiles  were 
measured  aboard  the  aircraft.  This  e.xample  will  consider 
only  the  170  MHz  results  with  the  receiver  height  of  30.5  m 
recorded  on  8  April  1948.  Table  6  lists  tite  first  four 
lefiactivity  profiles  measured  on  that  date,  reduced  to  a 
number  of  linear  segments  and  a  fonn  that  can  be  directly 
used  by  RPO.  Inspection  of  Table  6  shows  a  strong  surface- 
based  duct  at  all  ranges.  The  top  of  this  duct  is  nearly  the 
same  at  175  and  171m  for  tlie  first  two  profiles,  and  tlien 
rises  to  3(X)  and  32.3  m  for  the  last  two  profiles. 


Range  km 

76 

Range  km 

105 

Range  km 

172 

Range  km 

246 

m 

A/ 

m 

A/ 

m 

A/ 

m 

A/ 

0 

340 

0 

342 

0 

342 

0 

34.3 

107 

353 

112 

352 

205 

368 

224 

369 

175 

310 

171 

308 

3(K) 

321 

323 

324 

295 

318 

311 

321 

458 

359 

469 

362 

368 

.345 

395 

.351 

5.54 

359 

639 

372 

1220 

412 

1220 

415 

1220 

448 

1220 

443 

Table  6.  Rcfractivity  profiles  at  four  ranges  mca.surcd  on 
8  April  1948.  .3/  represents  modified  rcfractivity  in  M  imits 
and  m  represents  height  in  meters. 

Figure  18  shows  RPO  results  using  tire  profiles  of  Table  6 
for  both  an  assumed  homogeneous  environment  using  only 


Figure  18.  Modeled  and  measured  propagation  factor  at 
170  MHz  versus  transmitter  height  in  a  surface  based 
duct.  Receiver  height  is  30.5  m  and  range  is  189  km. 
Standard  atmosphere,  homogeneous,  and  range 
dependent  models  are  shown. 
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Uk  profile  measured  al  76  km,  ;uid  a  range-dependeni 
cavironnKiK  using  all  four  profiles  Since  the  first  mo 
profiles  are  ver>  much  alike,  the  first  profile  was  assumed  to 
exist  at  the  receiver  site  as  well  as  at  76  km  Propagation 
loss  versus  transmitter  (aircraft)  heigiit  for  both  cases  is 
sliown  in  this  figure,  along  witli  measured  propagation  loss 
al  this  range.  The  EREPS  loss  for  a  standard  atmosphere 
and  free  space  loss  are  also  sliown  for  comparison.  It  is 
obvious  from  the  figure  that  a  much  better  match  to  the 
measured  loss  is  acliicved  when  the  rangc-dcpcndcni 
environment  is  accounted  for  in  the  model 

6.7  Elevated  Duct 

This  e.xample  compares  the  RPO  model  to  propagation 
meiisurenients  in  an  elevated  duct  at  3088  MHz.  The 
measurements  were  performed  by  the  Naval  Electronics 
Laboratory  Center  in  1974  and  are  analyzed  in  some  detail 
by  Hitney  [45].  A  transmitter  was  established  21  m  above 
sea  level  in  San  Diego  and  receiv  ers  in  an  aircraft  recorded 
signal  level  at  various  altimdes  ;is  the  aircraft  flew  towards 
tlie  west  entirely  over  water  Tliis  example  considers  only 
the  measurement  made  on  28  May  1 974  with  tlie  aircraft  at 
914  ni  above  seti  level,  A  refraaivity  profile  was  measured 
at  the  transmitter  site  and  is  listed  in  Table  7 


Height  (m) 

Refractivity  (M  units) 

0 

330 

.394 

403 

681 

368 

2(KK1 

.33V 

Table  7.  Modified  refractivity  profile  for  28  May  1974. 


Figure  19  shows  modeled  propagation  loss  versus  range 
from  RPO  using  tlie  profile  of  Table  7.  assuming  hon/ontal 
homogeneity  ,  and  the  measurements  of  loss  iruide  abaird 
the  aircraft  Free  space  :md  receiver  ilircshold  levels  ;ue  also 
sliown  for  compiuison.  The  RPO  model  follows  the 
nieasurcniciits  well  witliin  and  just  over  tlie  hon/oa 
however  at  longer  ranges  ilic  modeled  loss  substantially 
overestinuitcs  tlie  observed  loss  In  the  San  Diego  area, 
trapping  layers  are  frequently  obsened  to  rise  gradually  in 
tlie  westerly  dirctiion.  Allliough  offshore  measurements  of 
refractivity  profiles  were  not  made  in  tliis  e.vpcrinicnt.  a 
much  better  match  can  be  made  to  the  data  if  tlie  profile  of 
Table  7  is  allowed  to  rise  al  a  typical  rale  of  1 ;  1 5(K)  ( 1  meter 
ill  height  for  cv  cry  1 5(K)  meters  in  range).  Figure  20  shows 
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28  May  1374  with  duct  rising  at  1:1500 
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Figure  20.  Coverage  diagram  for  a  hypothetical  rising  elevated  duct. 
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tiic  coNcrage  diagram  from  RPO  for  'his  iiypothelical  rangc- 
dcpcodcnt  case,  and  Figure  2 1  shows  llie  correspionding  loss 
versus  range  at  914  m  TTie  RPO  model  is  much  closer  to 
the  meafiircmenLs  for  this  case  than  it  is  for  the 
homogeneous  case  of  Figure  19  Based  on  this  modeling,  it 
IS  concluded  that  die  elevated  duct  probably  die  rise,  such 
Uiat  the  tiirciaft  was  in  the  duct  at  the  greater  ranges. 
Aldiough  the  signal  levels  recorded  at  die  longer  ranges 
were  low,  the  attenuation  rate  was  nearly  zero,  which 
suttgests  ducted  propagadon  sometimes  referred  to  as 
whispering  gallery  effects 

6.8  Propagation  Over  Desert  Terrain 

This  e.xample  illustrates  the  use  of  TPEM  to  model 
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20  -10 
PROPAGATIOH  FACTOR  41 

Figure  23,  M'Xicled  and  measured  propagation  factor  at 
1.(1  GHz  over  desert  terrain.  Transmitter  height  :s  V)  ^ 
m  and  range  is  4.^  km  EREPS  assumes  smooth  earth 
and  standard  atmosphere  TPEM  includes  terrain  for 
both  standard  and  observed  (real)  rcfractivity  cases 


propagation  over  desert  terrain  at  I  t)  GHz  Tlie  mciisiia'- 
ments  were  performed  by  the  U.S  Navy  Eiectronics 
Laboratory  in  the  Arizona  desert  in  1946  (4t)]  Barrios  |28| 
has  recendy  compared  several  of  diese  measurements  to 
TPEM,  and  the  e.xample  used  here  is  taken  from  that  work. 
Figure  22  shows  the  terrain  profile  of  the  propagation  path 
studied  and  a  series  of  refractivity  profiles  measured  at  si.\ 
locations  on  6  February  1946  at  0.100.  Transmitters  were 
installed  at  Gila  Bend  and  receivers  were  installed  at 
Sendnel  and  Datelan  on  elevators  in  60  m  towers  Figure  21 
shows  propagadon  loss  at  1.0  GHz  from  TPEM  plotted 
versus  receiver  height  for  a  transmitter  height  of  10.5  m  on 
the  41  km  Gila  Bend  to  Sendnel  path.  Modeled  results  are 
shown  for  both  the  real  aUnosphere.  as  represented  by  die 
refraedvity  profiles  of  Figure  22.  and  a  standard 
atmosphere.  Modeled  results  from  EREPS  for  a  smooth 
surface  and  a  standard  atmosphere  are  also  shown.  Figure 
23  indicates  that  the  best  model  is  the  one  that  accounts  for 
both  the  terrain  and  the  refruedve  effects. 


7.  STATISTICAL  ASSESSMENTS 
The  models  presented  in  this  lecture  can  in  some  cases  be 
used  to  prepare  stadsdeal  assessments  of  propagadon 
effects  The  evaporadon  duct  mechanism  is  well  suited  to 
this  technique,  since  its  effect  can  be  well  characterized  by 
the  evaporadon  duct  height,  and  good  stadsdeal 
distribudons  of  duct  height  have  been  compiled  as  discussed 
in  Part  A  of  this  lecture.  In  areas  and  for  paths  where  the 
evaporadon  duct  is  the  dominant  mechamsm,  stadsdeal 
assessments  have  been  proven  valid  by  comparison  to 
measured  distribudons  of  propagadon  loss.  The  example 
presented  here  is  taken  fiom  Hitney  and  Vieth  (47]  for  the 
Aegean  Sea  measurements  previously  described. 

Figure  24  shows  propagadon  loss  modeled  by  MLAYER 
versus  evaporadon  duct  height  at  1.0,  3.0,  9.6,  and  18.0 
GHz  for  the  highest  receiver  anteimas  in  the  Greek  island 
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Figure  24.  Propagation  loss  versus  evaporation  duct 
height  for  four  frequencies  used  in  the  1972  Greek 
islands  experiment  in  the  Aegean  Sea. 

expennient  For  9,6  Glfe  the  terminal  heights  are  4  8  and 
19.2  m  and  the  path  length  is  35,2  km  A  smooth  sea  was 
iissunied  in  the  MLA'V  ER  nioael  since  roughness  effects  are 
usuiilly  not  \er>  importimt  below  20  GH/.  The  evaporation 
duct  refraciivity  profiles  used  to  prepare  Figure  24  all 
;issunied  neutral  stability  (air  tentperature  equal  to  sea 
temperature)  since  experience  has  shown  stability  to  be  a 
secondary  effect  compared  to  duct  height  |42,  48|.  Figure 
25  is  an  aiuiual  lastogram  of  ev  aporation  duct  height  from 
EREPS  for  the  Marsden  square  containing  the  Greek 
islands  experiment  By  combining  tlic  loss  versus  duct 
height  relationship  of  Figure  24  with  tlie  expected 
occurrence  of  duct  height  from  Figure  25.  frequenc, 
distributions  of  propagation  loss  can  be  easily  determined. 
Figure  26  is  an  example  of  a  modeled  accumulated 
frequency  distribution  of  propagation  loss  for  9.6  GHz 
compared  to  the  measured  distributioi..  The  measured 
distribution  combined  four  periods  of  2-3  weeks  durauun 
each  in  January  .  April,  August  and  November  of  1972,  so 
it  should  well  represent  an  annual  expected  distribution.  As 
Figure  26  shows,  the  modeled  and  measured  distributions 
are  in  excellent  agreement  e.xcept  for  I  iss  values  less  than 
free  space  These  cases  are  probably  the  result  of  surface- 
based  ducts  or  other  refractive  effects  not  modeled  in  the 
results  shown  in  Figure  24. 


Figure  26.  Modeled  and  measured  propagation  loss 
distribution  at  9  6  GHz  for  the  Aegean  Sea  Terminal 
heights  arc  4,8  and  19,2  m  above  mean  sea  level 

It  should  also  be  mentioned  tleil  the  lntern;iiional 
Tcleconmiunications  Union  (ITU)  has  a  rccomincnduion 
149)  for  a  method  to  statistically  assess  interference  of 
microwave  stations  operating  between  about  0  7  and  30 
GHz  that  includes  the  effects  of  ducting  Tlie 
recommcndiition  consists  of  about  30  pages  total  and  is 
based  in  p;irt  on  graphical  tcchiuques 

8.  CONCLUSIONS 

I  have  presented  several  radio  propiigation  models  ilwt  ran 
be  used  to  assess  refractive  effects  from  VHF  to  EHF,  llicsc 
nKxiels  range  froi  i  the  relatively  simple  effccuve-cartli- 
radius  model  useo  to  assess  standard  refractive  effects,  to 
quite  complicated  PE  models  used  to  assess  nonstandard 
refractive  effects  over  terrain.  1  also  discussed  assessment 
systems,  presented  several  application  examples  to  illusuaie 
the  accuracy  and  utility  of  tlie  models,  and  briefly  disaisscd 
statistical  modeling  of  propagation  effxts 
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SUMMARY 


The  basic  propagation  theory  is  presented  in  a  form  usable  for  electro-optical  systems  engineers.  Starting  with  the 
different  contributions  which  affect  an  electro-optical  system  under  environmental  conditions  (background, 
target-signature,  atmospheric  propagation,  sensor  specifications,  signal-processing)  the  atmospheric  transmittance 
separated  into  molecular  and  particle  contributions  is  discus.sed.  Both  absorption  and  scattering  terms  as  well  as 
scattering  functions  are  given  with  respect  to  their  wavelength  dependence.  For  statistical  system  performance 
analysis  extinction  coefficients  for  Nd:YAG  and  CO2  laser  radiation  derived  from  measured  OPAQUE  data  of 
Southern  Germany  are  discussed.  They  are  given  as  a  function  of  the  month  of  the  year  for  specific  cumulative 
probabilities.  Optical  turbulence  which  is  affecting  laser  systems  more  than  broad  band  systems  is  discussed  with 
emphasis  on  intensity  and  phase  fluctuation  in  the  atmospheric  boundary  layer.  Nonlinear  effects  encountered  in 
high-energy  laser  beam  propagation  through  the  atmosphere  are  illustrated. 


1.  INTRODUCTION 

Atmospheric  propagation  of  infrared  (IR),  visible 
(VIS)  and  ultra-violet  (UV)  radiation  is  of 
importance  for  many  military  systems.  The 
increasing  sophistication  and  complexity  of  these 
systems  require  an  increasingly  accurate  and 
comprehensive  description  of  the  propagation 
environment  as  well  as  the  relevant  background  sce¬ 
nario.  Rapidly  evolving  sensor  and  signal 
processing  technology  has  prompted  novel  and 
highly  specialised  systems  concepts.  Depending  on 
the  functional  principle  of  such  systems, 
propagation  phenomena  affect  and  often  limit  their 
performance.  Lo.ss  of  performance  is  often  the  result 
of  several  combined  effects  working  in  conjunction, 
e.g.,  molecular  and  aerosol  absorption,  emission 
and  scattering,  and  optical  turbulence.  A  thorough 
understanding  of  such  effects  on  sy.stems  parameters 
and  overall  performance  (including  signal  proc¬ 
essing)  is  the  basis  for  atmospheric  systems 
adaptation  and  possible  corrective  techniques. 

There  are  many  military  systems  which  depend  on 
the  ability  either  to  transmit  radiation  through  the 
atmosphere  or  to  detect  an  object  against  a  complex 
radiation  background.  In  general  such  sy.stems  fall 
into  two  classes;  1.  High  spectral  resolution  systems 
typified  by  laser  sources  and  2. 


Broad  band  systems  specified  by  thermal  imaging 
systems  working  in  the  3  -  5  pm  or  8  -  12  pm 
spectral  region.  These  different  types  of  systems 
dictate  substantially  different  requirements  on 
atmospheric  propagation  modelling. 

The  main  objective  of  atmospheric  propagation 
modelling  is  to  be  able  to  predict  the  opacity  of  the 
atmosphere  along  any  geometric  path  under  any 
atmospheric  condition  at  any  wavelength  given  a  set 
of  measured  or  predicted  meteorological 
parameters.  The  spectral  range  regarded  here  is 
from  UV  (0.2  pm)  to  IR  (14  pm). 

In  order  to  understand  the  propagation 
characteristics  of  the  atmosphere  for  radiation  in 
this  broad  spectral  region,  it  is  necessary  to 
understand  the  details  of  molecular  extinction 
processes  (both  absorption  and  scattering)  as  well 
as  details  of  aerosol  absorption  and  scattering 
processes  and  of  optical  turbulence.  These  effects 
are  wavelength  dependent  with  the  general  trend  for 
"all  weather"  capability  with  increasing  wavelength. 

For  military  systems  the  effective  range  to  perform 
a  specific  task  is  mandatory  for  successfully  plan 
and  execute  a  mission.  The  system  range 
perfonnance  depends  not  only  on  the  propagation 
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medium  but  also  on  target  and  background 
chiuacteristics,  sensor  characteristics,  and  possible 
countermeasures.  Conventionally  weather  support  is 
normallv  not  sufficient  for  forecasting  system 
performance.  Tactical  decision  aids  (TDA)  arc 
therefore  modular  constructed  based  on  up-to-date 
environmental  information  in  the  target  area  and 
models  for  targets  and  backgrounds,  atmospheric 
transmittance,  and  for  the  sensor.  The  part  A  of  this 
lecture  concentrates  on  atmospheric  propagation 
effects  essential  for  system  performance  analysis 
and  piut  B  on  nuxlelling  atmospheric  effects  for 
such  purptrses, 

2.  Background  Signatures  and 
Sources 

Environmental  conditions  affect  thermal  signatures. 
Unlike  reflection  signatures  (visual  range,  active 
la.ser  systems),  which  are  not  greatly  affected  by 
weather  effects,  the  thermal  signature  of,  e.g.,  a 
vehicle  depends  on  past  meteorological  conditions, 
the  current  weather  situation  (warming  up,  cooling 
down  etc.)  and  the  heat  prtxiuced  by  the  vehicle 
(motor,  generators,  energy  consuming  equipment, 
weapons).  Extensive  signature  data  banks  exi.sts  in 
most  NATO  countries.  Thermal  contrast  is  normally 
fairly  low  around  sunrise  and  sunset,  because  of  the 
change  from  domination  by  incoming  radiation 
during  the  day  to  outgoing  radiation  during  the 
night.  For  the  same  reason,  thermal  contrasts  are  not 
usually  very  pronounced  beneath  extensive  cloud 
cover. 

For  imaging  sensors  working  in  the  UV,  especially 
in  the  solar  blind  spectral  region  of  the  UV  (230  - 
290  nm)  an  object  is  regarded  against  a  nearly 
radiation  free  and  therefore  homogeneous 
background.  The  background  is  generally  weak 
because  UV  radiation  emitted  by  the  sun  is 
absorbed  by  the  stratospheric  ozone  layer  so  that  an 
UV  emitting  object  is  .seen  against  a  radiation  free 
sky  background  or  against  a  non  irradiated  and 
therefore  not  reflecting  terrestrial  background.  This 
is  the  reason,  why  for  UV  sensors  backgrounds  play 
a  minor  role,  in  contradiction  to  infrared  systems 
where  detection  probabilities  and  false  alarm  rates 
are  mainly  determined  by  the  complexity  of  the 
cluttered  IR  backgrounds. 

For  an  explanation  of  the  basic  contributions  to 
background  radiances,  see  Fig.  2.1.  This  Figure 
shows  a  typical  spectral  .sky  radiance  curve 
composed  by  different  contributions  [IJ.  Sky 
background  radiation  in  the  infrared  is  caused  by 
scattering  of  the  sun  radiation  and  by  emission  from 
atmospheric  constituents.  As  can  be  seen  in  Fig.  2.1, 
the  spectrum  can  be  separated  into  two  regions:  the 
solar  scattering  region  with  wavelengths  shorter 
than  3  pm  and  the  thermal  emission  region  beyond 
4  pm.  Solar  scattering  is  represented  by  reflection 
from  a  bright  sunlit  cloud  and  alternatively  by  a 


curve  for  clear-air  scattering.  The  themial  region  is 
represented  by  a  3(K)  K  blackbcdy. 


WAVELENGTH  In  pm 


Fig.  2.1;  Contributions  from  scattering  and 
atmospheric  emission  to  background 
radiation  1 1 ). 


Fig.  2.2:  Spectral  radiance  of  a  clear  mchttime 
sky  for  .several  angels  of  elevation  above 
the  horizon  ( 1 ). 
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This  simple  model  is  modified  by  absorption  bands, 
the  position  of  the  sun,  the  viewing  trajectory  (air 
mass)  etc.  Fig  2.2  shows  the  spectral  radiance  of  a 
clear  night-time  sky  for  .several  angles  of  elevation 
above  the  horizon  [Ij.  For  a  horizontal  path  (0.0°) 
the  spectral  radiance  is  close  to  a  blackbody  curve 
appropriate  to  the  ambient  temperature.  For  a 
vertical  path,  only  those  regions  of  the  spectral 
radiance  curve  correspond  to  a  blackbody  curve 
with  ambient  temperature  where  strong  atmospheric- 
absorption  and  therefore  strong  emission  occurs. 
Because  vision  is  based  on  radiance  differences,  a 
cloud  at  ambient  temperature  cannot  be  seen  in 
these  spectral  regions. 


hi  10  12  M 
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Fig.  2.3:  Typical  terrain  spectral  radiance 
contributions  (2|. 

The  spectral  radiance  of  a  terrain  surface  can  be 
divided  into  two  main  components:  reflected 
radiance  and  self-emittance. 

The  terrain  background  radiance  in  the  daytime  is 
dominated  by  reflected  sunlight  up  to  3  pm.  Self¬ 
emission  is  dominant  for  night  operations  and  for 
wavelength  longer  than  4  pm  even  during  the  day. 
Fig.  2.3  gives  a  typical  terrain  spectral  radiance  (2]. 
Very  much  the  same  is  true  for  the  spectral  radiance 
of  the  ocean.  Fig.  2.4  shows  spectral  radiance 
curves  for  different  sea  states  under  daytime 
conditions  { 1  ]. 

Besides  the  spectral  radiance  of  natural 
backgrounds,  the  knowledge  of  the  spectral 
signature  of  threat  targets  is  essential.  This  is 
obvious  because  e.  g.  detection  of  an  aircraft  is 
possible  at  a  given  distance  only,  if  enough 
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Fig.  2.4:  Spectral  radiance  of  the  tK-can  uuacr 
sunlit  1 1 1. 


radiance  difference  to  the  background  Is  available 
for  analysis  within  the  spicctral  sensitivity  band  of 
the  used  sensor.  Fig.  2.5  shows  as  an  example  the 
variation  of  aircraft  spectral  signatures  over 
different  aspect  angles  (I).  As  expected,  the  front 
view  radiance  is  the  lowest  one.  To  see  a  target 
against  a  given  background,  a  contrast  radiance 
between  target  and  background  is  necessary. 
Fig.  2.6  shows  for  demon.stration  purposes  the 
.spectral  radiance  difference  between  a  tank  ttirget 
and  a  terrestrial  background  under  .sun  illumination 
[  1  ].  The  background  radiance  is  composed  of  the 
low  temperature  .soil  radiation  and  the  high 
temperature  solar  reflected  radiation.  Imaging 
sensors  are  sensitive  in  .selected  spectral  bands 
matched  to  the  spectral  sensitivity  of  the  u.scd 
detectors.  One  of  the  driving  questions  in  sensors 
selection  is  often  the  advantage  of  one  wavelength 
band  over  the  other  for  a  given  task.  Without  going 
into  too  much  details  here,  two  considerations  play 
a  major  role.  As  can  be  seen  in  the  previous  source 
spectral  radiance  curves,  spectral  band  energy  ratios 
depend  on  temperature  and  emittance 
characteristics. 

For  the  simple  case  of  a  blackbody  radiator  the 
spectral  band  energy  ratios  for  a  3  -  5  pm  and  8-14 
pm  band  as  a  function  of  blackbody  temperature  are 
given  in  Fig.  2.7  [3J.  This  example  shows  that  for 
low  temperature  targets,  the  8  -  14  pm  band  has 
some  advantage.  For  sensors,  used  in  the 
atmosphere  also  the  range  dependence  of  the  band 
ratios  play  an  essential  role.  Fig.  2.8  shows  such 
relations  for  6  different  band  ratios  [1].  The  range 
dependence  of  these  band  ratios  are  quite  different. 
Because  of  the  strong  atmospheric  extinction  of 
UV-radiation,  the  ratio  UV  /  8  -  12  pm  is 
decreasing  very  fast  with  range.  Such  a  combination 
would  be  ideal  for  passive  ranging  for  short 
distances. 


aaOiant  Intensity  (Watts/Sleradian/Micron) 


Fig.  2.6:  Data  example  for  spectral  radiant  intensity  signature  data  [  I  ]. 


T 
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Fig.  2.7:  Blackbody  spectral  band  energy  rr-  o  r.  i  u  i 

ratios  [2)  ratios  versus  range  1 1 


3.  Atmospheric  Propagation 

Propagation  of  electromagnetic  radiation  at 
ultraviolet/optical  and  infrared  frequencies  through 
the  atmosphere  is  affected  by  absorption  and 
scattering  by  air  molecules  and  by  particulates  (e.g. 
haze,  dust,  fog,  and  clouds)  suspended  in  the  air. 
The  earth's  atmosphere  is  a  mixture  of  many  gases 
and  suspended  particles  varying  with  altitude,  time, 
and  space  as  a  function  of  geographical  region.  For 
the  involved  absorption  and  scattering  processes 
also  variations  in  pressure,  temperature  and 
concentration  for  gaseous  constituents  and  in 
addition  size  distributions  for  particles  play  an 
essentia)  role.  Scattering  by  air  molecules  (Rayleigh 
scattering)  plays  a  role  only  for  wavelengths  shorter 
than  e.g.  1 .3  pm  and  gets  very  much  pronounced  in 
the  UV-region.  Molecular  absorption  on  the  other 
hand  including  the  so-called  continuum  absorption 
is  a  difficult  matter  and  play  a  role  for  wavelength 
shorter  (UV)  and  larger  (IR)  than  for  visible 
wavelength. 

Scattering  and  absorption  by  aerosol  becomes  the 
dominant  factor  in  the  boundary  layer  near  the 
earth's  surface,  especially  in  the  visible,  and  under 
reduced  visibility  conditions  at  all  wavelengths. 
TTiese  atmospheric  particles  vary  greatly  in  their 
concentration,  size,  and  composition,  and 
consequently  in  their  effects  on  radiation. 


It  is  impossible  to  go  into  full  depth  of  this 
complicated  subject  within  one  lecture.  The 
intention  is  therefor  rather  to  illuminate  the  basic- 
relations  with  relevance  to  system  performance 
analysis. 

3.1  Atmospheric  Transmission 

The  differential  loss  in  spectral  radiant  flux 
d<I>j^^(r)  along  an  incremental  distance  dr  can  be 
expressed  as 

d<D;^(r)  =  -a;^<D;,(r)dr.  (3.1) 

with  spectral  extinction  coefficient. 

Integration  for  a  homogeneous  medium 
(O^  =  const.)  for  a  distance  R  results  in 

<I>;^^(R)=<I>;^(0)exp-a;^R.  (3.2) 

Equation  (3.2)  is  the  well  known  exponential 
extinction  law,  sometimes  called  Bougucr's  or 
Beer's  Law. 

The  spectral  transmittance  over  a  distance  R  is 
defined  as 
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(/?) 

T^iR)= — - - =exp-ai/?.  (3.3) 

The  spectral  extinction  coefficient  is  additive  with 
respect  to  different,  independent  attenuation 
mechani.sms  and  constituents,  expressed  by 

-  of+of 

-  (a,''+Pir)+«+pr). 

where  the  separation  is  made  for  molecules  (M)  and 
particles  (P)  and  for  absorption  (a)  and  scattering  ( 
P)  contributions. 

For  inhomogeneous  distributions  of  absorbing  and 
scattering  atmospheric  constituents  the  transmission 
(R)  must  be  calculated  by  integration  along 
path  R  according  to 


R 

x^(/?)=  e\p-jo)^{r)dr  (3.5) 

0 

=  exp-O;^/?, 

where  represents  the  mean  extinction 

coefficient. 


For  polychromatic  radiation  integration  over  the 
selected  wavelength  band  AX  is  necessary  to 
calculate  the  broad  band  transmittance 
expressed  by 


J<I)j^(0)(exp-O;^  R)cfK 


AX 


(3.6) 


AX 


For  system  analysis  the  spiectral  responsivity  R;^^  of 
the  sensor  has  to  be  included  as  another  factor  in  the 
integral  to  yield  the  effective  broad  band 
transmittance. 


The  relative  transmission  of  primary  constituents  of 
the  atmosphere  is  shown  in  Fig.  3.1  as  a  function  of 
wavelength  [4].  There  are  regions  of  high 
transparency  (windows)  at  wavelength  regions  1  - 
2  pm,  3.5  -  5  pm  and  8-14  pm.  The  curves  of 
Fig.  3. 1  have  relatively  poor  spectral  resolution.  As 
will  be  shown  later,  the  atmospheric  absorption 
changes  drastically  as  a  function  of  wavelength.  The 
influence  of  atmospheric  spectral  molecular 
absorption  on  the  solar  irradiance  can  be  seen  in 
Fig.  3.2  [4]. 
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Fig.  3.1:  Infrared  absorption  by  atmospheric  gases. 


WAVELENGTH.  MICROMETEBS 


Fig.  3.2:  Solar  spectral  irradiance  at  Earth's 
surface  and  outside  Earth's  atmosphere 
(shaded  areas  indicate  absorption,  at 
sea  level,  due  to  the  atmospheric 
constituents)  [4]. 
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3.2  Molecular  Extinction 


absence  of  energy  relative  to  the  incident  photon 
field.  The  equivalent  wavenumber  is  given  as 


The  spectral  molecular  extinction  coefficient  0^  is 
composed,  see  Eq.  (3.4).,  of  an  absorption  term 
<1^  and  a  scattering  term  The  molecular 
absorption  term  CL'l’  contains  contributions  from 
line  absorption  '  and  continuum  absorption 

.  The.se  quantities  are  explained  in  the 
following  sections. 

3.2.1  Molecular  Line  Absorption 

A  basic  understanding  of  the  molecular 
spectroscopy  is  necessary  for  the  understanding  of 
the  location  and  nature  of  atmospheric  transmittance 
windows. 

Molecular  absorption,  see  Fig.  3.3.  is  related  to  the 
discrete  energy  levels  of  molecules. 


with  c  =  speed  of  the  light. 

A  real  spectral  line  has  an  integratei'  amplitude  (or 
strength  S,)  and  a  half-width  a,-  because  the  energy 
levels  are  not  single  valued,  but  instead  have  a 
distribution  of  energies  caused  by  the  Heisenberg 
uncertainty  principle,  collisions  from  other 
molecules,  electric  fields,  magnetic  fields,  and 
thermal  motion.  Collision  and  Doppler  broadened 
line  profiles  extend  far  from  line  centers  (e.g. 
Voight  profile,  sec  al.so  Chap.  3.2.2  continuum 
absorption).  The  resulting  absorption  feature  is 
illustrated  in  Fig.  3.4. 


Fig.  3.3:  Photon  absorption  in  a  two-level  system 
(a)  and  smearing  of  energy  levels  caused 
by  external  perturbations  and  the  result¬ 
ing  line  shape  (b). 


In  the  most  simple  two-level  system  a  photon  with  a 
frequency  /q  such  that 


/o  - 


^1  ^0 
h 


(3.6) 


Fig.3.4:  Spectral  absorption  coefficient  of  an 
absorption  line. 


The  strength  of  the  I'th  absorption  line  is  defined  as 
the  entire  area  under  the  absorption  curve  tt,  (tl). 
Thus. 

oo 

5,=|a"^(v)//u  (3.8) 

0 

The  profile,  or  line-shape  function,  of  the  transition 
is  defined  as 

g(v,Vo;a,),  (3.9) 

where  a,-  is  the  half-width  at  half  maximum  and  Uq 
is  the  line  center  wavenumber.  Thus,  the  absorption 
coefficient  of  a  single  line  can  be  broken  down  into 
two  factors,  the  line  strength  and  the  line-shape 
profile  given  by 


with  h  -  Planck's  constant  holds  is  absorbed.  Thus  a 
spectral  line  is  observed  at  /q  because  of  the 
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a,{V)=S,g{V,V^,\a,).  (3.10) 

The  definition  of  5,  requires  the  line-shape  profile 

to  be  normalized  as 

1  =J  .?(V,\)o;a,  ).  (3.11) 

0 

Of  course,  no  molecule  has  only  one  spectral  line, 
and  a  sum  over  all  spectral  lines  must  be  made  to 
compute  the  total  absorption  as  a  function  of 
frequency.  Therefore, 

a^'  (\))  =  (3.12) 

i  i 

Fig.  3.5  shows  an  example  of  CO  absorption 

coefficients  as  a  function  of  wavenumber  (5). 


Fig. 3. 5:  Carbon-monoxide  absorption  spectrum 

for  P(;o  ”  3  “  295  K  [  1 ). 


3.2.2  Continuum  Absorption 

In  addition  to  molecular  absorption  by  discrete 
absorption  lines,  there  exists  a  slowly  varying 
component  of  molecular  absorption  in  the 
atmosphere  caused  mainly  by  molecular  clusters. 
This  absorption  plays  an  essential  role  particularly 
in  "window"  regions  where  absorption  by  discrete 
lines  is  small. 

It  is  difficult  to  separate  the  cluster  molecular 
absorption  from  absorption  in  the  distant  wings  of 
strong  discrete  absorption  lines.  For  practical 
reasons  far  wing  absorption  and  cluster  absorption 
are  combined  and  called  "continuum"  absorption.  In 
regions  of  more  substantial  line  absorption,  the 
problem  reduces  to  that  of  deciding  how  far  into  the 
wings  of  each  line  to  assume  individual  line 
contributions  and  how  much  of  the  experimentally 


observed  abso'ption  to  model  as  a  "continuum". 
Two  significant  absorption  features,  treated  as 
continuum  absorption  are  of  particular  significance 
in  atmospheric  window  regions  will  be  described  in 
the  following. 

The  main  continuum  absorption  (v)  is 

caused  by  H2O  in  the  7  -  14  pm  band  (a  minor  one 
near  4  pm)  and  can  be  approximated  according  to 

(V,7)  =  C  (u7')P,+C„(V.7)P„  (.3.12a) 

where  T)  is  a  self-broadening  coefficient  due 
to  collisions  of  water  molecules  with  other  water 
molecules.  (o.  T)  is  a  nitrogen  broadening 
coefficient  due  to  collisions  of  water  molecules  with 
air  (primarily  nitrogen)  molecules.  is  the  partial 
pressure  (in  atmospheres)  of  water  vapor  and  P^,  is 
the  partial  pressure  of  the  remainder  of  the 
atmosphere  (primarily  nitrogen)  [6]. Fig.  3.6  gives 
an  example  of  the  impact  of  the  H2O  continuum  on 
the  absorption  coefficient  at  4.0  pm  and  10.6  pm 
for  different  atmospheric  models  (see  part  B  of  this 
lecture). 


0  10  20  30 


Fig. 3.6:  Absorption  coefficients  due  to  the  water 
vapor  continuum  [6], 


Fig.  3.6  shows  that  especially  for  warm  humid 
areas  (Tropical)  the  absorption  due  to  the  H2O 
continuum  is  much  higher  at  1 0.6  pm  compared  to 
4  pm.  Because  of  the  considerable  lack  of 
experimental  data,  related  to  the  physical 
complexity  of  the  origin  of  the 


continuum  absorption,  there  is  still  some  uncertainty 
in  the  calculations  (see  lecture  B,  Chap.  2, 
LOWTRAN). 
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3.2.3  Molecular  Scattering 

Scattering  by  molecules  is  a  result  of  the  dipole 
moment  that  is  synchronously  induced  by  the 
incident  radiation.  It  is  described  by  the  spectral 

volume  scattering  function  (<p  )  according  to 


E,dV' 


(-V1.1) 


with 

r/4((p)  = 

tp 


cl\’ 


spectral  radiant  intensity  (Wsr  '). 

angle  with  respect  to  original 
direction, 

spectral  irradiance  (Wm‘-), 
volume  element  (m^). 


The  spectral  scattering  coefficient  ,  covering  all 
losses  from  all  molecules  in  dV  follows  by 
integration  according  to 


2n 

=2k  Jpf  ((p)sin<p</tp,  (3.14) 

0 

if  unpolarized  radiation  is  a.s,sumed,  e.  g.  if 
rotational  symmetry  is  present. 

For  all  wavelengths  X  considered  here  the  diameter 
d  of  the  atmospheric  molecules  (d  =  lO""^  pm)  is 
much  smaller  than  X,  molecular  scattering  can  be 
handled  as  Rayleigh  scattering  [7]  with 

Pf  (<P)  =  (l+COS^(p),  (3.15) 

and 


The  X  dependence  of  results  in  the  fact,  that 
Rayleigh  scattering  can  be  neglected  at  wavelength 
larger  than  about  1 .3  pm.  In  the  visible  range, 
where  molecular  absorption  usually  can  be 
neglected,  molecular  scattering  determines  the 
maximum  visual  range  the  so  called  Rayleigh 
visibility: 


=1^  =  337  Xw.  (3.17) 

o 

which  is  equivalent  to  a  transmittance  ol  (),()2.  see 
Eq.  3.5. 


3.3  Aerosol  Extinction 


The  spectral  aerosol  extinction  coefficient  is 
difficult  to  evaluate.  Tliis  is  basically  caused  by  the 
complexity  of  the  atmospheric  aerosols,  which  can 
consist  of  dust  and  combustion  products,  salt 
particles,  industrial  pollutants,  living  organisms  and. 
the  most  important,  water  droplets.  These  particles 
are  further  characterised  m  terms  of  size 
distributions,  spatial  constituent  distributions, 
humidity  effects  etc. 

Mie  theory  can  be  used  to  derive  absorption  and 
scattering  coefficients  CL^  and  for  spherical 

particles  if  the  complex  refractive  index  and  the 
number  density  and  size  distribution  are  known  [S). 
Every  irregularity  in  particle  size  gives  however 
strong  changes  19). 

Atmospheric  aerosol  is  present  in  every  state  of  the 
atmosphere  but  with  a  highly  variable  concentration 
in  time  and  in  space.  The  size  distribution  ranges  in 
a  large  interv  al  of  radii  for  natural  particles  between 
about  10'^  pm  up  to  l()''’^pm  and  can  have  a 
considerable  complexity. 

Moreover  many  particles  of  natural  aerosols,  which 
are  a  mixture  of  water  soluble  and  insoluble 
components,  are  subjected  to  strong  changes  in  size 
when  relative  humidity  changes  (101. 

The  spiectral  aerosol  extinction  coefficient  can  be 
written  as 

n(r)dr.  (3.18) 

0 

where  is  the  so  called  Mie  Efficiency  factor  of 
a  particle  with  radius  r  at  wavelength  X  (size 
parameter  s  =  2  n  r/X  j  and  refractive  index  m. 
and  n(r)  is  the  aerosol  size  distribution  function. 
According  to  absorption  and  scattering 
contributions,  can  be  separated  into 

Qex,=Qabs+Q,car  (319) 

what  results  after  integration  according  to  Eq.  3.18 
in  (X^  and  Fig.  3.7  shows  Q^,^,  as  a  function 
of  the  size  parameter  s  for  different  refractive 
indices  [11],  The  pronounced  resonance  effect  at  s 
=  7  for  non  absorbing  particles  is  reduced  by 
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models.  Fig.  3.S  shows  three  examples  of  measured 
and  predicted  size  distributions  from  the  rural  FfO 
aerosol  mixiel  (I  I  j.  Other  widely  used  mixlels  will 
be  described  in  part  B  of  this  lecture. 

Fig.  3.9  shows  an  example  of  aerosol  extinction 
coefficients  as  a  function  of  wavelengths  for  a 
continental  aerosol  at  a  visibility  of  23  km  1I3|. 
Fig.  3.9  shows  that  under  such  meteorological 
conditions  the  aerostil  extinction  coefficient  is  a 
decreasing  function  with  wavelength  except  a  few 
re.sonanccs  areas  (e.g.  near  10  pm)  caused  by 
aerosol  absorption.  With  the  introduction  of  the  Mie 
angular  .scattering  efficiency  function  F  (r.  k.  m.  <p) 

the  phase  function  for  aerosol  scattering 
can  be  expressed  as: 

Pi'  ((p)  =  J  F  {r,k,tu.^))Kr~  n{r)dr .  (3.20) 

r, 

Fig.  3.10  is  an  example  of  calculated  phase 
functions  for  measured  aerosol  size  distributions  tor 
low  and  high  visibilities  tor  two  wavelengths  |I2|. 
Very  pronounced  is  the  strong  forward  scattering 
peak  at  0.55  pm  compared  to  10.6  pm:  Fig.  3.9  also 
shows  that  the  relation  between  forward-  and  back 
scattering  is  increasing  with  decreasing  visibility. 


log  0 

Fig.  3.8:  Three  examples  comparing  measured  aerosol  size  distributions  (log  n(D))  and  predicted  size 
distributions  from  the  rural  FfO  model,  for  different  situations  as  indicated  by  the  visual  range 
(with  5  %  threshold),  wind  speed  v  and  RH  (D  in  pm;  n(D)  in  cm'^  pm"  * )  [  1 2]. 


Size  Parameter  s 


Fig.  3.7:  Mie  extinction  .-fficiency  factor 

as  a  function  of  the  size  parameter  for 
different  refractive  indices  (III. 


increasing  the  imaginary  part  of  the  refractive 
index.  The  high  variable  size  distributions  n(r}  have 
to  be  in  situ  measured  or  approximated  by  aerosol 


Normalized  Phasefunction  in  sr'^  >  Attenuation  Coefficient  in  km 
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:rosol  absDiptum  and  extinction  coet'ficicnts  tor  23  km  visiblity  and  a  continental  aerosol  model  1 131, 


Fig.  3.10:  Calculated  phase  function  from  measured  aerosol  size  distributions  fi 
k  -  0.55  pm  and  k  -  10.6  pm  and  for  visibiltics  of  430  m  (a)  and  54  km  (b)  ( 1 2]. 
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3.4  Rain  Extinction 

Marshall-Palincr  tlclcrinined  =  (l.OX  cm  and  A  = 
41  .R  cm  with  R  ram  rale  m  mm  h  ' 

The  integration  according  Kq.  TIS  results  in  the 
rain  extinction  coetiicient  O, 

Ox  - 0.365 A’" (T23) 

or  in  the  general  form 

(.3.24) 

The  constants  A  and  B  where  c  perimenlally 
determined  by  different  researches  for  i  ifferent  ram 
types,  sec  Table  3.1  11,3.  161. 


Type  of  Rain 

.\q  (mm'*  m 

A 

1  '  . 

>  B 

Marshall-Palmer 

8.()(K1 

4.1  R-»-21 

()A(A 

0.6.^ 

Drizzle  (Joss  and 
Waldvogel) 

30.(KX) 

0..3()9 

0.63 

Widespread  (Joss  and 
W'aldvogel) 

ixm 

4.1R-O.2I 

0,319 

0.63 

Tltunderstomi  (Jo.s.s 
and  Waldvogel) 

).4(X) 

.3.()R-<-*-21 

0. 1  ()3 

0.63 

Thunderstorm 
(Sekhon  and 
Srivastava) 

7,{X)0  R<’  -37 

3.8 

().4<)1 

1 

0.79 

1 

Tabic  .3.1:  Parameter  to  determine  the  extinction  coefficient  of  differc  at  rain  ty  pes. 


Raindrops  are  many  times  larger  than  the 
wavelengths  of  interest  here.  As  a  result  there  is  no 
wavelength  dependent  scattering.  In  this  case  the 
extinction  efficiency  factor  can  be  approximated 


Q.u-2:zr 


(3.21) 


which  is  twice  the  geometrical  scattering  cross 
section.  .Analysis  of  measured  raindrop  size 
distributions  n  (rj  shows  that  they  can  be  expressed 
in  the  general  fomi  1 141 


■e.\p-2  A  r . 


(3.22) 


3.5  Extinction  Statistics 

For  system  considerations  e.  g.  for  statistical 
system  performance  analysis  extir.  :ion  statistics 
for  areas  of  interest  are  desirable.  We  select  here  as 
an  example  laser  statistics  of  Nd:YAG  (1.06  pm) 
and  CO2  (10.6  pm)  laser  radiation  based  on  data 
from  the  NATO  project  OPAQUE  for  the  German 
station  Birkhof  in  Southern  Germany  117).  The 
extinction  coefficients  are  calculated  for  the 
Nd:YAG  laser  radiation  from  measured  visibility 
data  (aerosol  part)  and  from  measured 
meteorological  data  (molecular  part  using 
FASCODE,  see  part  B  of  this  lecture);  for  the  CO2 
la.ser  radiation  from  measured  8  -  12  pm  broad  band 
transmittance  values  (aerosol  part)  and  from 
measured  meteorological  data  (molecular  part  using 
FASCODE).  The  exact  method  used  for  these 
calculations  is  explained  in  [17).  Fig.  3.11 


and  3.12  show  the  Nd.YAG  and  COi  extinction 
coefficients  respectively  as  a  function  of  the  month 
of  the  year  for  specified  cumulative  probabilities. 
These  Figures  show  that  the  probability  follow- 
extinction  values  is  best  from  April  to  September. 
Withtn  that  time  he  variation  of  extinction  values  is 
much  higher  for  the  NdtYAG  laser  radiation  than 
for  CO2.  The  reason  is  that  visibility  variT^ion.^  at 
visibilties  larger  that  about  5  km  does  effect 
NdtYAG  -  much  more  than  CO2  laser  radiation. 
Another  interesting  fact  is  that  the  CO2  laser 
extinction  values  never  reach  the  very  low  values  of 
NdtYAG  laser  radiation  in  this  time  period.  This  is 
cau.sed  by  the  fact  that  CO2  latter  extinction  has  an 
H2O  absor^'ion  term  (especially  continuum 
absorption,  see  chapter  3.2.2)  which  is  limiting  the 
CO2  extinction  values  during  the  high  absolute 
humidity  period  in  summer.  The  molecular 
ab.sorption  at  NdtYAG  la.ser  radiation  can  be 
neglected. 


Total  Extinktion  Coefficient  in  km  Total  Extinktion  Coefficient  in  km 
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.3.11:  Nil;'VAG  la.ser  extinction  coefficient 
extrapolated  from  OPAQUE  visual 
extinction  data  as  a  function  of  month 
of  year  for  .specified  cumulative 
probabilities  of  occurrence,  (c.p.o.)., 
(from  bottom  to  top:  5.  10.  20,  50,  75, 
00.  95  ''<•).  Based  on  data  collected  at  the 
German  OPAQUE  station  Birkhof  ( i7j. 


Fig.  3. 12:  CO2  la.ser  extinction  coefficient  extra¬ 
polated  from  OPAQUE  8  -  13  pm 
transmittance  data  as  a  function  of 
month  of  year  for  specified  cumulative 
probabilities  of  occurrence,  (from  bottom 
to  top;  5,  10.  20.  50,  75,  90,  95  %). 
Based  on  data  collected  at  the  German 
OPAQUE  station  Birkhof  ( 1 7|. 


3,6  Propagation  through  Atmospheric 
Optical  Turbulence 

Wind  turbulence  and  convection  induces  random 
irregularities  in  the  atmosphere's  index  of  refraction. 
In  passing  through  these  irregularities,  optical 
wavefronts  become  distorted.  As  more  sophisticated 
EO  systems  are  developed  details  of  the 
propagation  medium  that  had  previously  been 
ignored  become  important.  Optical  turbulence  is 
such  a  subject  area.  In  the  next  chapters  first 
atmospheric  turbulence  and  than  optical  effects  of 
turbulence  are  described. 


3.6.1  Atmospheric  Turbulence 

The  structure  of  turbulence  is  described  by 
statistical  fluctuations  in  air  velocity.  Two  basic 
mechanisms  are  responsible  for  velocity  turbulence: 
wind  shear  and  convection.  As  a  result,  eddy  air 
currents  are  produced.  For  instance  air  blown  over 
obstacles  breaks  up  into  eddies,  the  largest  of  which 
being  determined  by  the  size  of  the  obstacle.  Due  to 
viscosity  if  the  energy  in  the  eddy  exceeds  a  critical 
level  determined  by  the  Reynold's  number,  the 
velocity  fluctuations  within  the  eddy  are  no  longer 
stable,  and  the  eddy  breaks  up  into  smaller  eddies. 
Further  break-up  iKcurs  until  the  eddy  is  reduced  to 
sufficiently  small  size  where  viscous  effects  become 
dominant  thereby  dissipating  the  available  energy 
into  heat. 

The  refractive  index  ..  for  air  or  the  refraction 
number  N  is  given  as 


A  =  (r7-l)l0^ 


77.6P  0.584P 

- 1 - r - 

T  TX- 


0. 06P/^  Q 


(3.25) 


where  P  is  the  atmospheric  pressure,  T  is  the 
temperature  and  Pfi  ^  is  the  H2O  partial  pressure. 

Eq.  (3.25)  shows,  that  both  wavelengths  and 
humidity  dependence  of  tV  is  weak  in  the  spectral 
band  of  relevance  here.  If  pressure  and  humidity 
fluctuations  arc  neglected  a  simple  relation  between 
refractive  index  and  temperature  fluctuation  can  be 
derived  {X  =  10  ftm): 


dn  =  -79P~lO-\ 

7,. 


(3.26) 


For  strong  turbulence  with  dT~\K  the  refractive 
index  fluctuation  is  5/7  =  10 


The  spatial  refractive  index  .spectrum  of 
atmospheric  turbulence  can  be  divided  into  three 
ranges.  The  first  range,  the  so  called  "production 
range",  contains  the  largest  eddies.  These  eddies  are 
directly  formed  by  turbulent  friction  and 
convection.  However  as  soon  as  these  eddies  appiear 
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they  become  dynamically  unstable  and  decay  into 
smaller  eddies  which  again  are  unstable  and  decay. 
The  spectral  range  of  this  cascade  is  called  "inertial 
subrange".  The  largest  size  of  eddies  belonging  to 
this  range  is  of  the  order  of  the  height  above  the 
ground  and  is  called  "outer  scale"  Lq.  In  contrast  to 
the  eddies  in  the  production  range,  those  of  the 
inertial  subrange  are  isotropic.  The  cascade  ends 
when  the  eddies  reach  sizes  in  the  order  of  some 
millimeters.  Now  diffusion  and  viscous  shear 
effective  I',  level  out  the  turbulent  fluctuations.  This 
last  spectral  range  is  called  "dissipation  range".  For 
refractive  index,  the  eddy  size  marking  the 
transition  between  inertial  range  and  dissipation 
range  is  called  "inner  .scale"  Iq. 

For  spatial  wavenumbers  k  in  the  inertial  subrange 
the  refractive  index  spectrum  has  a  very  simple 
form.  If  n  denotes  the  refractive  index  of  air,  here  at 
locations  x  and  x  +  r,  the  ratio  of  the  structure 
function  (see  below)  and  the  2/3  jxtwer  of  the 
distance  r  is  independent  of  r 

=  ([« (•'•■  +  '■)-  ('0]^  ^  =  cl  (a) r-'  ’ . 

(3.27) 

The  brackets  ^  ^  indicate  an  ensemble  average. 

is  called  "structure  constant"  of  refractive  index 
fluctuations.  It  can  be  shown  that  the  structure 
constant  can  be  identified  with  the  spectral 
amplitude  T^  of  the  (three-dimensional)  refractive 
index  spectrum 

r„(K)=0.033C„^K"'\  (3.28) 

Since  most  optical  systems  are  sensitive  to 
turbulence  eddies  in  the  inertial  range,  is  the 

most  important  quantity  for  the  description  of 
optically  relevant  refractive  index  turbulence. 
However,  some  optical  systems  are  also  sensitive  to 
wavenumbers  smaller  than  2  tc/Lq,  or  larger  than  2 
Tt/ffl. 

For  K>  2  jc/Iq,  in  the  production  range,  the 
turbulence  spectrum  is  anisotropic,  and  the  spectral 
density  takes  smaller  values  than  would  be  expected 
assuming  a  continuation  of  the  inertial  range. 
However  in  the  real  atmosphere  the  observed 
spectral  behaviour  is  quite  complicated.  For  2  h/Lq, 
in  the  dissipation  range,  the  spectrum  deceased 
rapidly  with  spatial  wavenumber.  A  variety  of 
different  models  for  the  description  of  this  decay  is 
found  in  the  literature.  Among  these,  two  spectra 
are  commonly  used  for  wave  propagation 
application:  the  spectrum  of  Tatarskii  [18]  and  the 
spectrum  of  Hill  [19].  The  latter  contains  free 
parameters  which  were  carefully  fitted  to 
experimental  data.  Even  though  there  are 


differences  in  the  complexity  and  accuracy  of  the 
models  for  the  dissipation  range,  experience  has 
shown  that  for  most  applications  these  differences 
can  be  neglected  and  that  the  mtxlels  are  quite 
reliable. 

Fig.  3.13  shows  an  idealized  refractive  index 
spectrum.  In  the  large  wavenumber  region  both  the 
Tatarskii  spectrum  and  the  Hill  spectrum  aie 
plotted.  In  the  small  wavenumber  region,  the 
Tatarskii  curve  was  extended  according  to  the  von 
Karman  spectrum.  The  largest  differences  with  real 
refractive  index  spectra  are  expected  here. 


Fig.  3.13:  Examples  for  three-dimensional  mtxlel 
spectra  of  refractive  index.  Both  the 
spectrum  after  Tatarskii  [18]  and  the 
spectrum  after  Hill  [19]  are  plotted  for 
an  inner  scale  value  of  5  mm.  The  Hill 
model  does  not  include  an  outer  scale 
effect,  the  Tatarskii  model  uses  the  von 
Karman  formulation,  here  for  an 
outer  scale  of  5  m. 


We  can  summarize  that  the  refractive  index 
spectrum  is  generally  described  by  three 
parameters:  -  the  structure  constant  C„^,  the  inner 
scale  Iq  and  the  outer  scale  Lq.  However  often 
is  the  only  really  relevant  parameter  of  these.  Fig. 
3.14  shows  as  an  example  measured  values 
versus  time  of  the  day  [21  ]. 

Because  refractive  index  fluctuations  are  mainly 
caused  by  temperature  fluctuations  a  temperature 
structure  function  and  a  temperature  structure 
constant  can  be  defined  according  to  Eq.  3.27. 
The  relation  between  both  structure  constants  is 


77.6  P  ^ 


1-1- 


0.00753^1 

J 


10-*  Cj.. 


(3.29) 


September  8, 1968 


Time  of  Day 


Fig.  3. 1 4:  Refractive  index  structure  parameter  versus  time  of  day.  The  measurements  were  derived  from 
temperature-structure-function  measurements  made  with  vertical  spacings  of  O.Ol  m  at  an  elevation 
of  2  m  [2l  ]. 


3.6.2  Optical  Effects  of  Turbulence 


Optical  effects  of  turbulence  are  manifold  and 
widely  described  in  the  literature  [  I ,  Vol.  2  and  Ref. 
there).  Generally  one  can  distinguish  between 
effects  on  intensity  and  effects  on  phase.  Depending 
on  the  dominant  turbulence  scale  size  and  beam 
diameter  we  can  identify  two  cases  that  lead  to 
different  effects.  For  instance,  if  the  scale  sizes  at 
all  points  along  the  beam  path  arc  larger  than  the 
beam  diameter,  the  turbulence  cells  act  as  very 
weak  lenses  that  deflect  the  beam  as  a  whole  in  a 
random  way,  leaving  the  beam  diameter  essentially 
unaltered.  This  is  shown  schematically  in  Fig. 
3.15a.  The  resulting  beam  displacement 


from  the  initial  beam  direction  is  known  as  beam 
wander.  For  imaging  systems  this  would  result  in 
image  motion.  When  the  scale  sizes  (or  cell 
dimensions)  are  smaller  than  the  diameter  of  the 
beam,  diffraction  and  refraction  of  the  beam  takes 
place  and  the  beam’s  intensity  profile  is  smeared  out 
and  as  a  rule  markedly  distorted.  This  effect, 
schematically  illustrated  in  Fig.  3.15b,  is  refered  to 
as  beam  breathing  and  scintillation.  For  imaging 
systems  this  would  result  in  image  degradation. 
Depending  on  the  characteristics  of  the  turbulence 
and  the  beam  dimensions,  both  cases  may  be 
observed  simultaneously. 


t  old  wavefront  (plane) 


beam  motion 
( Image  motion ) 


I 


I 


I 

(a) 


new  wavefront  —  - 

nearly  plane  '  “  ^0  T| 


T }  new  wavefront 

deformed 


Fig.  3. 1 5:  Laser  beam  deflection  by  turbulence  cells  that  are  larger  than  the  beam  diameter  (a)  and 

laser  beam  break  up  by  turbulence  cells  that  are  smaller  than  the  beam  diameter  (b). 
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In  contrast  to  molecular  or  particle  extinction, 
turbulence  does  not  reduce  the  average  light 
intensity.  Instead,  a  quasi  random  mcxlulation  takes 
place  with  frequencies  between  several  and  several 
hundreds  of  Hertz  depending  on  the  configuration 
of  the  system  and  the  atmospheric  state.  The 
modulation  of  intensity  is  called  scintillation  and  is 
well  known  for  star  light.  Scintillation  especially 
disturbs  the  transmission  of  time  coded  signals  as 
with  optical  communication  or  guidance  system, 
LIDARs  or  range  finders.  TTie  strength  of 
scintillation  is  usually  described  by  the  normalizied 

variance  of  the  intensity  0~i  .  In  theories  often  the 

log-amplitude  variance  is  regarded.  For  weak 

scintillation  (O'  <  0.3  ...  0.5)  both  quantities  can  be 
related  according  to 


/, 

a/  {L)  =  0.56k  ^  ^  J C„'  (x ){L-x)  ^  ^  tiv, 

0 


(3.31) 


and  for  a  spherical  wave  as 
2 


(3.32) 


o/(L)= 

L  (  ■  \ 

0.56/t  "  -.V) '  VtU-. 


In  these  equations  the  source  is  at  x  =  0  and  the 
observer  at  x  =  L.  Because  k  -  2  tt/A.  is  increasing 
with  shorter  wavelength,  optical  turbulence  effects 
are  decreasing  with  wavelength. 


=1  /  41n(o^  +  (3.30) 

4 

The  intensity  variance  for  path  length  L  and 
wavelength  k  can  be  given  for  Iq  «  (XL)’'^  for  a 
plane  wave  (18)  as 


Fig.  3.16  shows  the  log-amplitude  standard 
deviation  at  four  lengths  (50.  310,  500  and  1000 
m)  compared  tc  the  refractive  index  structure 
parameter  Cj,  versus  time  of  the  day  [21].  Fig.  3.16 
shows  the  so  called  saturation  phenomenon.  Only 
on  the  50  m  path  the  linear  relation  between  C^,  and 
is  pronounced  over  the  full  day. 


Fig.  3.16:  Variance  of  the  log-amplitude  standard  deviation  at  each  of  four  path  lengths  compared  to  the 
refractive  index  structure  parameter  C„  [20J. 
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Together  with  the  fluctuations  of  intensity  there 
occur  those  of  phase.  Turbulence  distorts  the 
wavefronts  and  thus  causes  a  nonlinear  propagation. 
Especially  heterodyne  laser  systems  and  high 
resolution  imaging  devices  suffer  from  this;  Spatial 
structures  become  disordered,  images  move  and 
become  blurred.  This  impact  can  be  quantified  e.  g. 
by  an  optical  transferee  function  (OTF)  which 
describes  the  effect  of  atmospheric  turbulence  on 
the  resolution  of  an  optical  imaging  system.  The 
OTF  represents  a  selective  weighting  of  the  object's 
spatial  frequency  spectrum,  see  Fig.  3.17. 


OBJprT  PLANS 


Fig.  3.17:  Impact  of  optical  transfer  function  on 
imaging  through  the  atmosphere. 

Fried  (22]  has  derived  an  expression  for  the  OTF  of 
the  atmosphere,  which  is  dependent  on  the  strength 
of  atmospheric  turbulence.  Others,  after  using  this 
theoretical  model  and  comparing  it  to  experimental 
results,  have  concluded  that  a  good  agreement  exists 
between  theory  and  experiment  (231,  see  Fig.  3.18. 

The  model  by  Fried  for  spherical  waves  is  given  by 
the  expre.ssion  [4] 

OTF  =  c'., -Kx  '  V,'  ’  ( I  - « ( /.  X / D„ ) ' ' )} 

(3.33) 

where 

is  the  refractive  index  structure 
parameter, 

R  is  the  range  or  path  length, 

X  is  the  wavelength, 

fj;  is  the  angular  spatial  frequency  in 
cycles/rad, 

Dq  is  the  diameter  of  aperture, 

a  -  0  for  a  long-term  OTF 

a  -  1/2  for  a  far-field,  short-term  OTF 

a  -  I  for  a  near-field,  short-term  OTF 


Fig.  3.18;  Comparision  of  thermal  measurements 
of  short-  and  long-term  optical  transfer 
function:  (a)  short-term  OTF.  (b)  long¬ 
term  OTF  for 
X  =  0.488  pm 

R  =  18.8  km 

Dq  =  0.4572  m 

Cn  =  9.5- 10-»m-2/3[23]. 

Equation  (3.20)  gives  the  OTF  expression  of  the 
atmosphere  limited  in  general  to  two  cases;  short 
term  and  long  term. 

The  short-term  OTF  is  a  short-exposure  OTF,  in 
which  the  image  is  obtained  over  a  short  time 
interval.  If  a  series  of  short-term  OTFs  are  taken 
from  a  point  source,  there  would  be  beam  spreading 
and  beam  wandering  effects  at  the  image  plane 
caused  by  atmospheric  turbulence.  The  average 
short-term  OTF  is  obtained  by  shifting  the  center  of 
the  area  of  each  point  spread  function  (PSF)  to  a 
common  point  and  then  averaging  and  taking  the 
Fourier  transforms  of  the  successive  PSFs.  The 
shifts  required  to  center  the  image  are  known  as 
image  wander  to  beam  wander.  This  averaging 
procedure  has  the  effect  of  centering  the  image  and 
removing  the  beam  wander,  and  the  short-term  OTF 
is  often  called  the  beam  spread. 
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The  long-term  OTF  is  obtained  from  a  long 
exposure  time,  so  that  every  turbulence 
configuration  has  been  taken  into  account  on  a 
single  exposure.  Average  long-term  OT7  is 
therefore  the  same  as  that  of  a  single  long  exposure, 
and  there  is  no  need  for  the  shifting  process 
discussed  previously.  Long-term  OTF,  therefore, 
refers  to  both  the  team  spread  (.short-term  OTF) 
and  team  wander. 

Phase  fluctuations  also  reduce  the  coherence  of 
lights  and  thus  limit  the  performance  of  coherent 
detection  techniques.  Moreover,  la.ser  team 
propagation  is  affected  by  team  spread  and  wander. 

Todi.)  thcoiic,"  arc  asai'aM,  which  reliably  predict 
many  optical  turbulence  effects  from  a  statistically 
known  refractivity  field.  Tli,.s  is  widely  analogous  to 
the  situation  with  aerosol,  where  the  extinction  and 
scattering  can  be  computed  from  the  sizes,  shapes 
and  the  compositions  of  the  particles.  However,  as 
with  the  aerosol,  the  main  problem  in  the  prediction 
of  turbulence  effects  in  a  real  environment  is  the 
difficulty  to  predict  the  propagation  medium;  the 
atmosphere.  This  is  why  modelling  of  the 
atmospheric  turbulent  refractive  index  filed  has 
become  more  and  more  important.  In  part  B  of  the 
lecture  some  models  will  be  discussed. 

3.7.  Nonlinear  Propagation 

When  a  high-energy  laser  (HEL)  beam  propagates 
through  the  atmo.sphere,  a  small  portion  of  the 
energy  is  absorbed  by  certain  molecules  and 
particulate  matter  in  the  air.  The  absorbed  energy 
heats  the  air.  causing  it  to  expand  and  form  a 
distributed  thermal  lens  along  the  aimospheri'  path 
that,  in  turn,  spreads,  tends,  and  distorts  the  laser 
team.  This  self-induced  effects  is  called  "thermal 
blooming"  and,  since  it  can  limit  the  maximum 
power  that  can  be  efficiently  transmitted  through  the 
atmosphere,  is  one  of  the  most  serious  nonlinear 
problems  encountered  in  the  propagation  of  high- 
energy  laser  radiation  in  the  atmosphere.  A  variety 
of  thermal  blooming  effects  are  relevant  for  high- 
energy  laser  beams  in  the  atmosphere.  Many  of 
these  effects  have  teen  studied  extensively  and  a 
number  of  detailed  review  articles  have  been  written 
( 1 ,  Vol.  2  and  Ref.  there]. 

To  illustrate  the  problem  we  consider  a  high  energy 
CW  laser  beam  propagating  horizontally  in  an 
absorbing  medium  where  the  absorption  coefficient 
and  the  cross-wind  speed  v  arc  uniform.  As  the 
air  moves  across  the  team  the  temperature  increases 
due  to  the  absorbed  energy  from  the  laser  beam. 
This  causes  the  density  of  the  air  and  also  the 
refractive  index,  which  is  proportional  to  the 
density,  to  decrease  as  the  air  moves  across  die 
beam.  The  temperature  and  refractive-index 
variations  across  the  beam  center  along  the  wind 
direction  are  shown  in  Fig.  3.19. 


InckJenl  RetaeWe 

Intansilv  Temperature  'HuS*  Distorted 


Fig.  3.19;  Diagram  of  the  steady-state  thcrmal- 
bltximing  problem  with  wind  ( I  ]. 


4.  Conclusions 

It  is  essential  that  EO  systems  engineers  understand 
in  addition  to  specific  sensor  capabilities  the  impact 
of  background  radiation  and  propagation 
phenomena  on  the  overall  EO  system  performance. 
This  is  essential  even  for  optimized  application  of 
the  advanced  modelling  tools  described  in  part  B  of 
this  lecture. 

It  is  impossible  to  explain  in  depth  and  fully 
comprehensive  all  specific  details  which  play  a  role 
in  system  performance  analysis.  The  selection  of 
described  topics  is  rather  based  on  experience  with 
atmospheric  sensor  evaluation  and  adaptation  to 
atmospheric  restrictions. 
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ABSTRACT 


During  the  last  decade  powerful  modelling  tools  for  the  assessment  and  c.sploitalion  of  propagation  conditions 
together  with  range  performance  models  for  military  systems  have  become  a\  ailablc. 

After  a  theoretical  description  of  the  propagation  environment  together  with  relevant  effects  on  system  per¬ 
formance  (part  A  of  this  lecture)  some  of  the  most  common  used  models  are  described  here  For  atmospheric 
transmittance/  radiance  calculations  these  arc  LOWTRAN.  MODTRAN.  and  FASCODE  developed  and  main¬ 
tained  by  the  Phillips  Laboraton.  Geophysics  Directorate  For  system  performance  calculations  these  arc 
EOSAEL  developed  and  maintained  bv  the  U.S.  Army  Research  Laboratory.  NIRATAM  developed  by  me 
NATO  research  study  group  AC/24.4  (Panel  ()4/RSG.()6)  and  maintained  by  ONTAR  Corp .  ACQUIRE 
(FLIR  92)  developed  and  maintained  by  the  U  S  Army  Night  Vision  and  Electro-Optics  Directorate  and 
TRM  2  developed  and  maintained  by  FGAN-Forschungsinstitut  fiir  Optik  (FID). 


1.  INTRODUCTION 

During  the  last  decade  powerful  modelling  tools 
for  the  assessment  and  e.vploitation  of  propagation 
conditions  together  with  range  performance  models 
for  military  systems  ha\c  become  a\ailablc  It  is 
impossible  to  e.vpiain  in  depth  and  fully  compre¬ 
hensive  all  available  tools  in  such  a  lecture  A  se¬ 
lection  of  models  is  made,  based  on  c.xpcriencc 
with  sensor  evaluation  and  adaptation  to 
atmospheric  conditions. 

Due  to  the  large  number  of  parameters  involved  in 
optical  transmission  through  the  atmosphere, 
numerical  calculations  of  atmospheric  transmission 
is  an  unavoidable  process.  The  aim  of  the 
numerical  calculation  is  to  predict  with  a  high 
degree  of  accuracy  the  transmittance  through  the 
atmosphere,  given  a  path,  atmospheric  conditions, 
wavelength,  and  a  set  of  measured  or  predicted 
meteorological  parameters.  The  computer  codes 
applied  here  are  transmission  models  or 
computational  techniques  implemented  in  com¬ 
puter  programs  that  generate  the  transmittance  or  a 


transmittance  spectrum,  given  the  necessary  input 
by  the  user 

Three  numerical  methods  for  atmospheric 
transmission  calculations  widely  in  use  are 
LOWTRAN.  MODTRAN  and  F.\SCODE.  devel¬ 
oped  at  the  Air  Force  Geophysics  Laboratory 
(AFGL).  Hanscom  AFB.  Ma  .  USA.  with  is  now 
the  Phillips  Laboratory.  Geophysics  Directorate. 
FASCODE  contains  the  molecular  database 
HITRAN  and  is  a  high-resolution  transmission 
code,  whereas  LOWTRAN  is  a  low-resolution 
transmission  code,  and  MODTRAN  offers  medium 
resolution.  As  new  measurements  became  available 
and  better  understanding  of  the  extinction  process 
were  reached.  FASCODE  and  LOWTRAN  were 
modified  and  updated  in  the  last  15  years. 

Once  LOWTRAN  became  available  other 
computer  models,  more  specially  designed  to 
simulate  tactical  battlefield  situations,  could  be 
built  around  it.  Such  is  the  case  for  EOSAEL 
(Electro-Optical  Systems  Atmospheric  Effects 
Library)  designed  by  the  U.S.  Army  Atmospheric 
Sciences  Laboratory  which  is  now  the  U.S.  Army 
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Research  Laboratory  EOSAEL  ofTers  many  difTer- 
cnt  modules  for  calculating  the  effects  of  battle¬ 
field-induced  contaminants  like  smoke,  high 
explosive  dust,  and  vehicular  dust.  Various  other 
modules  are  concerned  with  the  effects  of 
turbulence  and  with  absorption  and  backscattering 
of  laser  radiation,  effects  of  clouds  and  so  forth. 
For  many  military  and  civilian  applications  the 
infrared  radiative  emission  from  aircrafts  and 
missiles  are  mandatory.  The  computer  code 
NIRATAM  developed  by  a  NATO  study  group 
AC/243  (Panel  04/RSG.06)  predicts  IR  radiation  of 
airciafts  in  natural  surroundings  This  code  is 
being  maintained  by  ONTAR  Corp  .  USA.  The 
extension  of  the  code  to  missile  signatures  is 
presently  being  performed  in  NATO  study  group 
RSG.  18  of  the  same  Panel. 

Prediction  of  range  performance  of  a  sensor  for  a 
given  task  is  essential  especially  for  mission  plan¬ 
ning  despite  from  sensor  dcvclopiiiciu  and  environ¬ 
mental  adaptation.  Difrcrcnl  models  based  on 
Johnson's  criteria  for  perception  tasks  have  became 
available  The  most  recent  one  is  FLIR  92  which 
has  been  developed  by  the  U  S  Army  Night  Vision 
and  Electro-Optics  Directorate. 

2.  LOWTRAN  Atmospheric 
Transmission  Code 

LOWTRAN  is  a  computer  code  that  estimates 
atmospheric  transmittance  at  low  resolutions  over  a 
wide  spectral  interval.  This  transmission  model  has 
great  computer  cfncicncy.  flexibility,  and 
reasonable  accuracy  for  broadband  systems 
applications.  The  main  features  of  LOWTRAN  are 
described  in  the  next  6  Chapters. 


2.1  General  Overview 

Since  its  conception,  the  LOWTRAN  computer 
program  has  been  used  widely  by  workers  in  many 
fields  of  atmosphere-related  science,  first  as  a  tool 
for  predicting  atmospheric  transmissions 
(LOWTRAN  2  (I).  LOWTRAN  3  |2|.  and 
LOWTRAN  3B  13])  and  later  for  atmospheric 
background  radiance  and  transmittance 
calculations  (LOWTRAN  4  14),  LOWTRAN  5  15|, 
and  LOWTRAN  6  |61)  for  any  given  geometry 
from  0.25  pm  to  28.5  pm  (i.e..  from  350  to 
40,000  cm’').  Fig.  2.1  shows  the  result  of  a 
LOWTRAN  sample  calculation  of  atmospheric 
spectral  transmittance  for  a  2  km  horizontal  path 
The  latest  version  of  the  computer  code  is 
LOWTRAN  7  |7,  81  With  LOWTRAN  7.  the 
wavelength  range  has  now  been  expanded  to  cover 
from  0.2  pm  in  the  ultraviolet  to  the  millimeter 
wave  region  (0  -  50.000  cm'*)  The  computer 
program  was  designed  as  a  simple  and  flexible 
band  model  that  will  allow  fast,  reasonably  accu¬ 
rate.  low-resolution  atmospheric  transmittance  and 
radiance  calculations  to  be  made  over  broad 
regions  of  the  spectrum  for  any  required 
atmospheric  path  geometry  LOWTRAN  7  includes 
all  of  the  important  phy  sical  mechanisms  (with  the 
exception  of  turbulence)  that  affect  atmospheric 
propagation  and  radiance.  LOWTRAN  has  proved 
valuable  for  the  development  and  evaluation  of 
many  optical  systems  working  in  ultraviolet, 
v  isible,  and  infrared  parts  of  the  spectrum 


Fig.  2. 1 .  Atmospheric  transmission  for  a  horizontal  path  length  of  2  km,  absolute  humidity  8.5  gm’^,  visibility 
15  km.  and  rural  aerosol. 
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Fig,  2.2  shows  the  new  capabilities  of 
LOWTRAN  7  in  the  UV  region  Given  is  the 
calculated  atmospheric  spectral  transmission 
between  0  2  and  0  4  pm  wavelength  for  a 
horizontal  path  length  of  4  km  at  sea  level  for  a 
visibility  of  5  km  and  rural  aerosol.  Also  shown  in 
Fig.  2.2  are  the  different  attenuating  components 
essential  in  this  spectral  region 


Fig.  2.2;  Atmospheric  transmittance  calculated 
using  LOWTRAN  7  for  a  horizontal 
path  length  of  4  km  at  sea  level,  rural 
aerosol,  and  visibility  of  5  km. 


Fig.  2,3  gives  a  LOWTRAN  7  sample  calculation 
for  different  horizontal  path  lengths  in  the  far 
infrared  il2|.  Markedly  is  the  strong  attenuation 
beyond  14  pm.  Fig.  2.4  shows  a  comparison  of 
LOWTRAN  6  and  7  calculations  with  measure¬ 
ments  of  the  Technion.  Israel  (121  It  is  obvious 
(hat  LOWTRAN  7  results  are  much  closer  to  the 
measurements  than  LOWTRAN  6. 

WAVELENGTH  inum 
100  20  10 


WAVENUMBER  in  cm  "’ 

Fig,  2,3:  Atmospheric  transmittance  for 
horizontal  path  lengths  varying  from 
0.01  to  10  km  at  sea  level  (Midlatilude 
Summer  atmosphere.  23  km  rural  aero¬ 
sol)  (12|. 
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Fig  2  4;  Comparison  of  LOWTRAN  6  and  7 
calculations  with  a  8.6  km  atmospheric 
transmittance  measurement  in  the  7  - 
14  pm  region  at  sea  level  (for  recorded 
meteorological  conditions)  112). 


2.2.  Fundamentals  of  LOWTRAN  7 

The  LOWTRAN  7  computer  program  allows  the 
user  to  calculate  the  atmospheric  transmittance, 
atmospheric  background  thermal  radiance,  single- 
scattered  and  earth-reflected  solar  and  lunar  radi¬ 
ance.  direct  solar  irradiance.  and  multiple-scattered 
solar  and  thermal  radiance  at  a  spectral  resolution 
of  20  cm’’  in  steps  of  5  cm"’  from  0  to 
50.000  cm"’;  i.e.  for  wavelengths  in  e.xcess  of 
0.2  pm  The  total  atmospheric  transmittance  is 
treated  as  the  product  of  the  individual 
transmittanccs  due  to: 

1  molecular  absorption. 

2.  molecular  scattering. 

3  aerosol,  fog.  rain,  and  cloud  e.xtinction 
(scattering  and  absorption). 

The  transmittance  due  to  molecular  absorption  is 
further  subdivided  into  more  components  and  is 
now  calculated  as  the  product  of  the  separate 
transmittances  due  to. 

1.  HjO,  Ov  CO7.  N7O.  CO.  CH4.  O7,  NO.  NO,. 
NH3.  SOj.  HNO3, 

2.  H2O  continuum  (over  the  entire  spectrum), 

3.  N2  continuum  (in  the  2000  -  2700  cm"’ 
region), 

A  selection  of  atmospheric  aerosol  models  is  given 
in  LOWTRAN  7;  these  are  divided  into  altitude 
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regions  corresponding  to  the  boundar>  layer  (0  - 
2  km),  troposphere  (2  -  10  km),  stratosphere  and 
upper  atmosphere  (10  -  120  km)  The  boundary 
layer  models  include  rural,  urban,  maritime,  tropo¬ 
spheric,  a  Navy  maritime,  and  a  desert  aerosol 
Representative  aerosol  models  also  are  included  for 
the  troposphere  and  upper  atmospheric  regions. 
Two  fog  models  are  included  together  with  a 
selection  of  rain  and  cloud  models.  The  user  also 
has  the  option  to  substitute  other  aerosol  models  or 
measured  values. 

The  si.x  reference  atmospheric  geographical  and 
seasonal  models  for  tropical,  midlatitudc  summer 
and  winter,  subarctic  summer  and  winter,  and  the 
U  S.  standard  atmosphere,  which  provided  tem¬ 
perature,  pressure.  H2O.  and  O3  concentrations  as 
a  function  of  altitude  from  0  to  100  km  in 
LOWTRAN  6.  ha\e  nou  been  c.vtcndcd  in 
LOWTRAN  7  to  include  density  and  N^O.  CO. 
and  CH4  mi.xing  ratio  variability  with  altitude  The 
remaining  six  molecular  species  arc  each  described 
by  a  single  vertical  profile  When  adding 
meteorological  data  to  LOWTRAN  7.  the  user  is 
gi\en  much  greater  flexibility  in  the  choice  of  units 
that  will  be  accepted  by  the  program  Spherical 
earth  geometry  is  assumed,  and  refraction  and 
earth  cunature  effects  arc  included  in  the 
atmospheric  slant  path  calculations  The  main 
structure  of  the  LOWTRAN  7  code  split  up  into 
different  subroutines  is  shown  in  Fig.  2  5  A 
detailed  explanation  of  the  capabilities  of  these 
subroutines  is  given  in  (8|. 


2.3  Transmission  Functions 


In  LOWTRAN  7  a  single  parameter  band  model 
which  describes  the  molecular  absorption 
component  of  the  atmospheric  transmittance  is 
used  19)  For  this  approach,  a  double  exponential 
transmission  function  is  assumed  where  the 
average  transmittance  t  over  a  20  cm''  spectral 
interval  is  given  for  a  center  wavenumber  v;  by 


r  (t>) 

expr 


c{v)ij{pipS{tjtT 


(2  1) 


where  the  parameters  C.  a.  m.  and  n  were 
determined  from  linc-bv-linc  calculations  using 
FASCODE  2  |1()|  with  the  HITRAN  86  |ll| 
molecular  line  parameter  data  base  where  the 
results  were  degraded  in  resolution  to  20  cm''  (full 
width  at  half  maximum)  Average  values  of  a.  m. 
and  n  were  determined  for  discrete  spectral  regions 
for  each  of  the  following  molecular  species:  H2O. 
CO2.  O3.  N2O.  CO.  CH4.  and  O2  as  well  as  the 
trace  gases  NO.  NO2  NH3  and  SO2 

Separate  transmission  functions  are  used  for  each 
of  the  molecular  species  in  LOVVTRAN  7.  allowing 
the  user  the  option  of  vary  ing  the  relative  mixing 
ratios  of  the  gases,  which  was  not  possible  with 
LOWTRAN  6  and  its  predecessors.  Treating  the 
transmittances  of  each  molecule  separately  should 
also  improve  the  accuracy  of  LOWTRAN  in 
overlap  regions  between  strong  absorption  bands  of 
different  molecules:  eg..  CO2  and  N2O  in  the 
4  5  pm  region. 


Fig.  2.5:  LOWTRAN  7  main  program  structure.  The  boxes  enclosed  by  dashes  are  modules  of  subroutines  for 
calculations  of  non-standard  models  |8). 
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2.4  Boundary  Layer  Aerosol  Models 

The  boundary  layer  aerosol  models  include  those 
representative  of  rural,  urban,  maritime,  and  desert 
environments,  as  well  as  fog  models.  Most  of  these 
models  include  a  dependence  on  the  relative 
humidity,  and  in  the  case  of  the  maritime  and 
desert  models  a  dependence  on  the  prevailing 
winds. 

The  effects  of  relative  humiditv  become 
increasingly  important  as  the  atmosphere 
approaches  saturation.  The  effect  of  increasing 
relative  humidity  is  for  the  particles  to  grow 
through  the  accretion  of  water,  which  also  means  a 
change  in  the  composition  and  effect  refractive 
inde.v  of  the  aerosol  particle 

The  size  distributions  of  atmospheric  particulates 
are  commonly  represented  by  analvlic  functions 
The  most  commonly  used  of  these  arc  the  log¬ 
normal  distribution: 


//(r)  = 


dN{r) 

Jr 


N. 


fnn(10)ra,V2^ 


exp 


(2.2) 

(logr-logr-,)' 

2a' 


where  N(r)  is  the  cumulative  number  densitv  of 
particles  of  radius  r,  a,  is  the  standard  deviation, 
r,  IS  the  mode  radius,  and  Nj  is  the  total  number  for 
the  i'*’  mode  The  mode  number  here  is  2 

Tvpical  characteristics  and  sizes  tor  the  boundaiy 
layer  models  arc  given  in  Table  2.1  |1,^].  where 
the  size  parameters  refer  to  the  log-normal  size 
distribution  (Eq  2,2).  The  precise  values  of  the 
parameters  will  change  with  variations  in  the 
relative  humidity,  and  in  the  case  of  maritime 
aerosols  with  variations  in  w  ind  speed  and  duration 
of  time  since  the  air  mass  w  as  ov  er  land  1 14) 


Aerosol  Model 

Size  Distribution 

Type 

N, 

■"i 

Rural 

0  999875 

O.O.I 

0.35 

Mi.Mure  of  Water 
Soluble  and  Dust-Likc 

0.000125 

0.5 

0.4 

Aerosols 

Urban 

0.999875 

0.(U 

0.35 

Rural  Aerosol  Mi.\- 
tures  with  Soot-Like 

0.000125 

0.5 

0.4 

Aerosols 

Maritime 

Continental  Origin 

0.99 

0.0.5 

0.35 

Rural  Aerosol  Mi.xturc 

Oceanic  Origin 

0.01 

0,3 

0.4 

Sea  Sait  Solution  in 
Water 

Tropospheric 

1.0 

0.03 

0.35 

Rural  Aerosol  Mi.xturc 

Table  2. 1 ;  Representative  sizes  and  compositions  for  boundary  layer  aerosol  models. 
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Given  the  si/.e  distribution  and  complex  rcfractue 
index  for  the  atmospheric  aerosols  their  radiative 
properties  can  be  determined  from  Mie  scattering 
calculations  Fig  2  6  illustrates  the  extinction  coef¬ 
ficients  for  the  rural  aerosol  model  as  a  function  of 
wavelength  for  several  relative  humidities  Fig  2  7 
shows  the  angular  scattering  function  (often 
referred  to  as  the  phase  function)  for  marine  aero¬ 
sols  for  sexeral  wavelengths 


WAVELENGTH  in  pm 
Fig.  2  6:  Extinction  coefilcients  vs  wavelength  for 
the  rural  aerosol  model  with  different 
relative  humidities  and  a  number  densitv 
of  15.0  c^^^ 


Fig.  2.7:  Angular  scattering  function  for  the 
Shettle  &  Fenn  (1979)  maritime  aerosol 
model  with  a  relative  humidity  of  80  % 
and  a  number  density  of  4.0  cm'^  for 
several  wavelengths. 


The  aerosol,  fog,  rain,  and  .  -  id  model  absorption 
and  scattering  coefficients  in  LOWTRAN  6  were 
extended  to  the  millimeter  wavelength  region  in 
LOWTRAN  7  In  addition,  the  Navy  maritime 
aerosol  model  was  modified  to  improve  its  wind 
speed  dependence  for  the  large  particle  component 
The  background  stratospheric  model  also  has  been 
updated  tc  utilise  more  recent  refractive  index  and 
si/c  distribution  measurements 

A  new  desert  aerosol  model  has  been  added,  w  hich 
includes  a  wind  speed  dependence  LOWTRAN  7 
will  now  modify  the  aerosol  altitude  profiles  to 
account  for  elevated  ground  lev  el  cases 

The  five  cloud  models  contamed  in  FASCODE  2 
have  been  added  to  LOWTRAN  7;  these  corre¬ 
spond  to  cumulus.  stratus.  alto-stratus, 
stratocumulus.  and  nimbostratus  Two  new  cirrus 
models  with  more  realistic  wavelength  depend¬ 
ences  and  separate  scattering,  absorption,  and 
asvmmetrv  parameters  also  have  been  incorporated 
into  LOWTRAN  7 


2.5  Radiance  calculations 

LOWTRAN  7  also  offers  the  possibility  of  radiance 
calculations  including  atmospheric  self-emission, 
solar  and/or  lunar  radiance  single  scattered  into  the 
path,  direct  solar  irradiance  through  a  slant  path  to 
space,  and  multiple  sc  ittcred  solar  and/or  self- 
emission  radiance  into  the  path.  Fig.  2.8  show  the 
impact  of  multiple  scattering  on  the  radiance 
looking  straight  down  from  20  km  for  a  solar 
/.cnitli  angle  of  60° 


WAVELENGTH  in  pm 


Fig  2  8;  Slant-path  radiance  calculation  for  an 
observer  at  20-km  altitude  looking 
straight  down.  The  solar  zenith  angle  is 
60  deg.  The  1976  U  S.  standard  atmos¬ 
phere  is  used  with  the  rural  aerosol 
model.  The  lower  curve  is  the  radiance 
due  to  single  scatter  and  the  upper  curve 
includes  multiple  scatter,  thus  empha¬ 
sizing  its  importance. 
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2.6  LOWTRAN  Input  Options 

Table  2.1  gives  a  sumniarv  of  LOWTRAN  inpuls 
and  relevant  options 


Input  ' 

L/ptiun« 

Modt*i  atniu.-vphvre 

Miiilut' tilde  summer  model 

MidUaitudt*  winter 

Tiupical 

sSabrtn-tii  summer 

Sui>arctir  winter 
Meteumiogical  data  input 
1962  standatd  atmiisphere 

Typtf  of  atrtiojiph^ric  pjiili 

i 

Slant  path  tt»  space 
Hurizonlal  path 

Slant  path 

Mr>d«- uCt-xifcution 

Triinumiftanoe 

Kadiance 

Kadiance  with  -■Mrat’/'nnt; 
Trari'i  solar  irradi:»iU'e 

TtMoptratuie  ind  prv  .iltitudr*  profile 

SlidLiiitudv  summer,  etc 

Wat«*r-v'ap..f  Hltttude  profile  j 

Midlatitude  --umnu-f.  '-ti 

')70ne  aUilutle  profile 

Midlatitude  summer  etv 

Kadio.sonde  data  are  to  be  input 

Ye>  Su 

?'uppresv-;  profile  oui^,  ai  : 

.esNo 

Tein|:^ralure  a  buundArv 

I  U.O-f  at  first  level  1  ; 

.'surt'ai  v  teniperature 

Surtace  albedo  { 

'0  0  blackbodv'  ! 

0-1 

Input 

KxtllU'tnn  tvp**  iind  dvlMuit  taUfir 


S«‘aM>n4i  pr«»hU- 

Avroxtl  prufitc  and  »‘.\U!ivtiMn  ivpi- 


Air  m.iss  char.H'(^i 
Inchi’iioti  III  tirrus  .tltfiiua'iun 
L’sc  oi  Arms  'VSA'  I'or  atr-ijidl* 
Surface  rai. 44’ '*>  It  dt'f.iuU 
t'afrenl  wind  api't'd  ni  •  ■ 

2‘-h  average  wind  sp«-«il  n;  •' 
rat#- 


Optiuns 

Kural  -  \  -  J.>  kill 

Kut.ii  -  V  !."  ■  tf'j 

N.ivv  (iKiruiit'e 

MaritiiiK- — V'J>  J  t  km 

I  rban  VIS  ^  km 
rr'jpr>«pht  rjt  —  VJS  “  fit '  km 
lAer  di-tini-d  VlS  2’i  km 

— \’'S  u  2  km 
k'nu  radmlmii  —  \  1.  •  =  (1  kn- 
.ifruj-ul  atu-nuati-'ii 
l)et»*rmini  d  bv  iiUKicl 
Spring  summer 
Kall-vvu.-rr 

H<u  kirri-unii  :‘trai‘-.--pli*-i  i. 
Mfidf'rale  atjed  v  ilvo'iu 
I'l  I-Tvll  V<i|4  .iPil 

Hi>!h  aK‘‘d  vcjlt;u!'i; 

rat  •  fri'sh  vcl'.a';  i 


Table  2, 1 ;  LOWTRAN  inputs  and  relevant  options 

3.  MODTRAN  Atmospheric 
Transmittance  Code 

MODTELAN  (MODcratc  resolution  LOWTRAN) 
[16)  is  a  radiative  transfer  model  with  a  spectral 
resolution  of  2  cm'*  (FWHM)  which  has  been 
developed  based  on  the  LOWTRAN  7  model 
MODTRAN  is  identical  to  LOWTRAN  except  it 
contains  an  other  band  model  In  MODTRAN  the 
molecular  transmittance  t  from  lines  originating 
within  a  spectral  interval  Av  is  determined 
according  to 


where  g  (u)  is  a  line  shape  function,  u  is  the 
absorber  amount,  and  s  and  n  arc  functions  of  the 
absorption  coefTicicnt.  The  latest  version  is 
MODTRAN2,  released  1992.  Fig.  3.1  shows  a 


comparison  of  MODTRAN  and  LOWTRAN 
calculations  for  a  slant  path  from  5  to  10  km 
height.  Initial  validation  studies,  based  on 
comparisons  to  FASCODE  2.  indicate  no 
significant  discrepancies  at  2  cm'*  resolution. 
FWHM.  MODTRAN  can  be  used  to  calculate 
atmospheric  radiance  at  upper  altitudes, 
specifically  for  any  path  in  which  the  LTE  (local 
thermodynamic  equilibrium)  approximation  is 
valid.  Molecular  absorption  is  modelled  as  a 
function  of  both  temperature  and  pressure  for 
twelve  molecular  species  -  water  vapor,  carbon 
dioxide,  ozone,  nitrous  oxide,  carbon  monoxide, 
methane,  o.vygen,  nitric  oxide,  sulf  dioxide, 
nitrogen  dioxide,  ammonia  and  nitric  acid. 
MODTRAN  also  has  multiple  scattering 
contributions. 
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for  relevant  work  concerning  this  data  base 
Fig  4. 1  gives  an  overs  iew  of  absorption  line 
strengths  of  a  subset  of  HITRAN  gases  versus 
wasenumber  up  to  1000  cm'*.  The  HITRAN  1986 
database  is  a  line-by-line  compilation  of 
148,043  spectral-line  parameters  (e  g  ,  line 
position,  strength,  half-width,  lower  energy  level, 
etc.)  representing  28  different  molecules  of 
atmospheric  importance  115|.  Table  4.1  shows  the 
parameter  format  used  to  organize  the  data  base 
Each  molecule  is  identified  by  a  number  and  a  set 
of  quantities  (see  Table  4.1  and  descriptions  there). 
A  new  edition  of  HITRAN  became  available  in 
March  1992  [18]  with  major  upc/'tes  This  current 
edition  contains  over  70  Mbyle  oi  high-resolution 
data  for  transitions  of  31  species  and  their 
atmospheric  significant  isotopic  variants.  It  is 
available  also  on  optical  CD-ROM. 


FREQUENCY  in  cm'’ 


Fig.  3.1:  Atmospheric  transmittance  for  a  slant 
path  from  5  to  10  km  at  1.3°  from  zenith 
and  through  the  U  S  standard  atmos¬ 
phere  with  no  haze  The  solid  curve  was 
calculated  with  MODTRAN  at  2  enr’ 
spectral  resolution,  and  the  dotted  curve 
vMth  the  regular  LOWTRAN  7  at 
20  cm'*  resolution  (16|. 


4.  FASCODE  Atmospheric  Trans¬ 
mission  Code 

For  studies  involving  the  propagation  of  very 
narrow  optical  band  width  radiation,  for  c.xamplc, 
lasers,  the  high  resolution  atmospheric  trans¬ 
mission  code  FASCODE,  also  developed  and 
maintained  by  the  Phillips  Laboratory.  Geophysics 
Directorate.  Hanscom  AFB,  Ma ,  can  be  applied 
Characterization  of  the  aerosol  and  molecular  con¬ 
tinuum  in  FASCODE  is  much  the  same  as  that  for 
LOWTRAN.  The  spectral  molecular  transmission 
is  calculated  by  a  linc-by-linc  monochromatic 
calculation  method.  These  resolution  calculations 
require  a  detailed  database  c  g  HITRAN  of 
spectral-line  parameters.  The  Geophysics 
Directorate  is  the  center  for  establishing  and  main¬ 
taining  the  HITRAN  database  1 1 1 1 


4.1  HITRAN  Data  Base 

The  molecular  spectroscopic  database,  known 
under  acronym  HITRAN.  has  been  in  c.\islcncc  for 
two  decades  to  provide  the  necessary  fundamental 
parameters  to  represent  molecular  properties  in 
atmospheric  spectroscopic  analysis.  The  Phillips 
Laboratory.  Geophysics  Directorate  is  the  center 
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300 


WAVENUMBER 

Fig.  4. 1 :  Absorption  line  strengths  of  AFGL  gases 
versus  wavenumber  up  to  1000  crn'T 
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FrocMncy  Intonsity 

lEa 

laEF 

Ho 

¥  S'  a  -r  7, 

6*  n  *  or  y 

V 

v*  O' 

0" 

31 

•00.276500  4.316E-2S  S.777*-07.05»9.0000 

1102.00600.70  0.00000 

2 

12418  6 

2517  9 

302 

0 

2ai 

•00.287000  2.27ac-2S  4. 71 7* -05. 0750. 0000 

1403.947W.50  O.WOW 

2 

117  7 

18  7 

381 

0 

tot 

•00.301900  4.6aOC-Z3  2.4212-07.0630.0000 

105.93600.50  0.00000 

2 

18  4  4 

•  9  3  7 

■  84 

0 

31 

•00.304700  1.2a6C-24  1.131E. 05.0616.0000 

1636.n5t0.76  0.00000 

2 

159  951 

50  850 

382 

0 

31 

•00.322500  1.243C-Z3  1.2741-06.0610.0000 

720.OS800.70  0.00000 

2 

11015  1 

1614  2 

382 

0 

101 

800.322700  1.a4af-22  2.195f-06.0630.0000 

277.060W.50  O.OOOW 

2 

120  224 

-25  125 

•  84 

0 

23 

800.326900  5.3aOE-26  2.66aE-05.07V3.1103 

1320.41920.75  0.00000 

8 

3 

a  13 

186 

0 

271 

800.332030  t.lOQf‘22  3.2122*02.1000.0000  23M.24000.S0  0.00000 

19 

14 

4  8 

302 

0 

101 

•00.361600  1.91(lC-22  2.276C-06.0630.0000 

277.007W.50  O.OOOW 

2 

126  224 

♦25  125 

♦  84 

0 

SI 

•00.379600  6.3aaE-24  6.5sa-07.0602.0a00 

7D7.212W.76  O.OOOW 

2 

11515  t 

1514  2 

302 

0 

101 

800.416400  5.300E-S  1.025C-05.0630.0000 

•51.010W.S0  O.OOOW 

2 

145  244 

♦44  143 

‘  84 

0 

271 

•00.416750  1.3306-22  2.0356-02.1000.0000  2221.36110.50  0.00000 

19 

14 

3  8 

382 

0 

31 

800.434100  4.2736-25  2.2256-05.0610.0000 

1902.0(700.70  0.00000 

3 

2501U40 

49  Ml 

302 

0 

22 

•00.444000  6.3906-26  1.3966-04.0653.0046  10U.61000.75  0.00000 

a 

3 

•  38 

186 

0 

101 

•OO.UTOOO  5.1806-23  1.0026-05.0630.0000 

851.04100.50  0.00000 

2 

145  2U 

■U  143 

-  84 

0 

21 

600.451200  3.2106-20  1.7312-05. 0001. 0072  2461. 50150.75  0.00000 

14 

0 

P  37 

186 

0 

FORMAT  (12,  n.  F12,  1P2E10.3,  0P2F5.4.  FIO  4,  F4.2,  F8.5,  213,  2A9,  311,  312) 
=  100  characters  per  transition 


This  format  corresponds  as  follows: 

-Molecule  number 

-Isotope  number  (1 — most  abundant,  2 — second,  etc.) 

-  Frequency  in  cm  '  * 

-  Intensity  in  cm '  '/(molecules  cm  h  (a  296  K 

-Transition  probability  in  debyes"  (presently  lacking  internal  partition  sum) 
-Air-broadened  half-width  (HWHM)  in  cm^  '/atm' '  («  296  K 
-Self-broadened  half-width  (HWHM)  in  cm ''/atm"'  (c  296  K 

-  Lower-state  energy  in  cm  ' 

-Coefficient  of  temperature  dependence  of  air-broadened  half-width 
-Shift  of  transition  due  to  pressure  (presently  empty;  some  coupling 
coefficients  inserted) 

-Upper-state  global  quanta  index 

-  Lower-state  global  quanta  index 

-  Upper-state  local  quanta 

-  Lower-state  local  quanta 

-  Accuracy  indices  for  frequency,*  intensity,  and  half-width 
■  Indices  for  lookup  of  references  for  frequency,  intensity,  and  half-width  (not 

presently  used) 

Table  4. 1 :  Example  of  spectroscopic  data  contained  in  the  1 986  HITRAN  data  base  [  1 5  j. 


Mo 

—  12 

iso 

-11 

V 

—  F12.) 

S' 

—  EIO.; 

R 

—  ElO.: 

y 

—  F5.4 

y>^ 

—  F5.4 

E" 

—  FIO.. 

n 

—  F4.2 

V 

-F8.5 

u' 

-13 

L'" 

—  13 

Q' 

—  A9 

Q" 

—  A9 

lER 

-311 

IRef 

—  312 

4.2  Line-by-Line  Computation 

FASCODE  uses  a  special  form  to  calculate  the 
optical  depth  (e.\tinction  coefficient  times  path 
length)  k(u)  as  a  fimction  of  watenumbcr  u, 
assuming  superposition  of  the  contributions  from 
individual  spectral  transitions,  given  by 


k(v)=  vtanh(hc  vl  2kT) 

Z»/-S,(7-)[/(t',^)+/(u.-t',)]  on 

i 

where  Wj  is  the  column  density  for  the  molecular 
species  i  (mol  cm'^)  with  transition  wavenumber 
uj  (cm"’)  and  Sj  (mol  cm*^)  is  the  intensity  at  tem¬ 
perature  T,  approximate  to  the  FASCODE  line 
shape  f(u,  uj  ).  The  necessary  molecular  line  pa¬ 
rameters  are  taken  from  the  HITRAN  data  base, 
see  Table  4. 1 . 


4.3  FASCODE  2  Calculations 

FASCODE  2  is  available  also  from  ONTAR  Corp. 
Brookline,  Ma.,  USA,  as  PC-Version.  This  is  a 
menu-driven  package  that  allows  line  file 
generation,  creation  of  the  input  file  for 
FASCODE,  e-xecution  of  the  transmission 
calculations,  and  subsequent  plotting  of  results. 
Fig.  4.2  shows  the  spectral  transmission  for  an 
entire  range  of  850  to  1 100  cm'*  of  a  sample 
calculation  for  a  100  km  long  slant  path  from  an 
altitude  of  6.096  km  down  to  ground.  Fig.  4.3 
shows  the  spectral  transmission  in  the  vicinity  of 
the  P(20)  line  of  the  CO2  laser  (10.591  pm)  for  the 
same  conditions  and  Fig.  4.4  shows  the  spearal 
transmission  in  the  vicinity  of  the  P(20)  *^C-iso- 
tope-based  CO2  laser  (11.15  pm).  It  is  obvious  that 
at  11.15  pm  the  transmission  is  markedly  better 
than  at  10.591  pm. 


TRANSMISSION 
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Fig.  4.2:  FASCODE  transmission  estimates  in  the 
850  to  1100  cm‘*  range  for  a  100  km 
slant  path  from  an  altitude  of  6096  km 
down  to  ground 


Molecular  profile 
Path  description 
Path  length 
Path  type 
Aerosol  profile 
No  clouds  or  rain 


Midlatitude  summer 
6.096  km  -  ground 
100  km 
Short 

Maritime,  23  km  visibility 


WAVELENGTH  In  pnn 

n  59*  IC-SOA  10.492  to, 599  1C. 569  tO.SM 


Fig.  4.3:  FASCODE  transmission  estimates  for 
the  same  conditions  as  in  Fig.  4.2  in  the 
vicinity  of  10.591  pm  (CO2  laser,  P(20) 
line). 


Fig.  4  4:  FASCODE  transmission  estimates  for 
the  same  conditions  as  in  Fig  4.2  in  the 
vicinity  of  11  15  pm  ('^C-isotope-based 
CO2  laser.  P(20)  line) 


5.  Electro-Optical  Systems  Atmos¬ 
pheric  Effects  Library  (EOSAEL) 

The  Electro-Optical  Systems  Atmospheric  Effects 
Library  (EOSAEL)  is  a  comprehensive  library  of 
computer  codes  specifically  designate  to  simulate 
tactical  battlefield  situations.  EOSAEL  has  been 
designed  and  steadily  updated  by  the  U  S.  Army 
Atmospheric  Sciences  Laboratory.  White  Sands, 
NM,  which  is  now  the  Army  Research  Laboratory. 
EOSAEL  is  a  state-of-the-art  computer  library' 
comprised  of  fast-running  theoretical,  semi- 
empirical.  and  empirical  computer  programs 
(called  modules)  that  mathematically  describe 
various  aspects  of  electromagnetic  propagation  in 
battlefield  environments.  The  modules  are 
connected  through  an  executive  routine  but  often 
are  exercised  individually.  The  modules  are  more 
engineering  oriented  than  first-principles.  The 
philosophy  is  to  include  modules  that  give 
reasonably  accurate  results  with  the  minimum  in 
computer  time  for  conditions  that  may  be  expected 
on  the  battlefield.  EOSAEL  models  comprise  clear 
air  transmission,  transmission  through  natural  and 
man-made  obscurants,  turbulence,  multiple  scat¬ 
tering.  contrast  and  contrast  transmission,  and 
others. 

The  latest  Version  of  EOSAEL  is  EOSAEL  92  {201 
which  contains  unchanged,  upgraded,  obsolete,  and 
new  models  compared  to  the  predecessor  EOSAEL 
87  1 19).  Table  5. 1  gives  an  overview  of  the  present 
modules  and  their  functions. 
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EOSAEL  92  is  available  to  U.S.  Department  of 
Defence  (DoD)  specified  allied  organisations  and 
DoD  authorized  contractors  at  no  cost  from  the 
U  S  Army  Research  Laboratory  . 

To  give  an  insight  into  the  capabilities  of  EOSAEL 
a  sample  calculation  using  the  model  Plume  is  per¬ 
formed  [21|.  This  model  produces  a  time  series  of 
fire  plume  images  with  a  time  resolution  of  I 
second  for  the  visual  and  IR  spectral  regions.  The 


images  are  calculated  based  on  spatially  simulated 
variations  of  wind  speed  and  wind  direction,  of 
heat  and  mass  output  and  of  turbulent  flows  The 
"observer"  is  an  imager  with  a  rectangular  field  of 
view  comprised  of  an  n  by  m  matrix  of  square 
pi.xels  and  with  a  defined  angular  resolution  Fig 
5.1  shows  a  set  of  contour  plots  of  visual 
transmittance  for  a  series  of  times  after  the  start  of 
a  fire. 


Name 

Calculations 

same  as 

NMMW 

mniW  transmission  and  backscattcring 

EOSAEL  87 

CLTRAN 

cloud  transmission 

•1 

COPTER 

obscuration  due  to  helicopter  lofted  snow  and  dust 

ft 

GRNADE 

self-screening 

ti 

MPLUME 

missile  smoke  plume  obscuration 

II 

OVRCST 

contrast  transmission 

II 

FCLOUD 

contrast  transmission  through  clouds 

II 

ILUMA 

natural  illumination  under  realistic  weather  conditions 

M 

FASCAT 

atmospheric  scattering 

II 

LASS 

large  area  screening  systems  applications 

'* 

GSCAT 

single  scattering  of  visible  radiation  through  Gaussian  clouds 

II 

NOVAE 

nonlinear  aerosol  vaporization  and  breakdown  effects 

11 

RADAR 

millimeter  wave  svstem  performance 

upgraded  models 

LOWTRAN 

atmospheric  transmittance  and  radiance 

ii 

L2TRAN 

laser  transmission 

II 

KWIK 

munition  expenditure 

II 

XSCALE 

natural  aerosol  extinction 

TARGAC 

target  acquisition 

11 

COMBIC 

combined  obscuration  model  for  battlefield-induced  contaminants 

new  models 

FASCODE 

high  resolution  atmospheric  transmittance  and  radiance 

11 

NBMSCAT 

multiple  scattering  in  near  forward  direction 

II 

UVTRANS 

ultraviolet  transmission 

Table  5.1:  EOSAEL  92  modules  compared  to  EOSAEL  X7  |20|. 


Fig.  5.1;  A  set  of  contour  plots  of  transmittance  for  a  scries  of  times  after  the  start  of  the  fire.  The  contours 
represent  thirty  percent  changes  in  transmittance  from  a  minimum  of  five  percent  to  a  maximum  of 
ninety-five  percent. 
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6.  NATO  InfraRed  Air  TArget 
Model  NIRATAM 


For  many  military  and  civilian  applications  the 
Infrared  (IR)  radiative  emission  from  aircraft  and 
missiles  must  be  calculated.  NIRATAM  (NATO 
InfraRed  Air  TArget  Model)  is  a  computer  model, 
which  predicts  IR  radiation  of  an  aircraft  in  its 
natural  surroundings  [22], 

Solar  Qdni 


6.1  Model  Description 

The  model  takes  into  account  IR-radiation  emitted 
from  different  sources; 

Exhaust  Plume 

1.  hot  engine  parts  of  the  tail  pipe  and  the  air 
intakes. 

2.  combustion  gases  in  the  plume,  in  particular  _ 
H2O.  CO2,  CO  and  carbon  particles. 

3.  skin  of  the  airframe,  due  to 

-  thermal  emission  resulting  from  aero¬ 
dynamic  heating  and  internal  heat  sources. 

-  reflected  ambient  radiation  from  the  sky.  the 
ground  and  solar  reflection. 


The  importance  of  these  individual  components  to 
the  total  IR  radiation  depends  on  the  propulsion 
system,  its  operational  mode,  geometry,  the  tem¬ 
perature  and  optical  properties  of  the  surfaces  and 
flight  and  ambient  conditions.  The  aircraft  is 
considered  in  conjunction  with  the  background 
because  not  only  the  fuselage  signature  is 
influenced  by  the  surrounding  en\ironmeni  but  the 
detectable  aircraft  signature  image  is  actually  its 
contrast  to  the  background  radiation 

NIRATAM  determines  the  influence  of. 

•  atmospheric  transmission  and  emission 
between  target  and  observer, 

•  direct  observed  homogeneous  background 
represented  by  the  sky  or  the  earth  or 
optionally,  measured  background  scenes  from 
imaging  sensors  can  be  inserted. 

•  spectral  response  and  spatial  resolution  of  a 
sensor. 

The  NIRATAM  code  has  been  developed  through 
international  co-operation  within  NATO  Rescarch- 
and  Study  Group  AC/243  (Panel  04/RSG.06). 
NIRATAM  is  available  for  specified  users  as  PC- 
Version  from  ONTAR  Corp, 


Fig,  6  1,:  Typical  sources  of  radiation  comprising 
a  target  signature. 


Wavelength  (pm) 


Fig.  6. 1  shows  typical  sources  of  radiation 
comprising  jet  aircraft  target  signature.  The  rela- 
tive  spectral  radiant  intensity  of  the  respective 
components  is  shown  in  Fig.  6.2  1 1). 


Fig.  6.2;  The  relative  magnitude  of  typical  target 
signature  components  versus  wavelength 
for  a  jet  aircraft  at  90-deg  aspea.  M  1.2 
airspeed. 
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6.2  Model  Code  Structure 

An  overview  of  the  code  structure  is  given  as  a 
simplified  flow  diagram  in  Fig.  6.3  As  preparation 
the  three-dimensional  (3-D)  representation  of  the 
surface  of  the  air  target  and  the  exhaust  plume 
ha3'C  to  be  generated. 

The  main  program  consists  of  two  essential  parts 
The  first  part  deals  with  preparation  for  the 
emission/transmission  calculations  for  each  pi.xcl 
in  the  scene.  During  initialisation  the  user 
specified  input  data,  the  plume  file,  band  model 
data  and  the  polygon  file  for  the  target  surface  are 
read.  The  projection  of  the  3D-target  surface  on  a 
plane  is  performed. 

After  these  preparatory  stages,  the  IR  radiance  of 
each  pixel  is  calculated  Depending  on  how  the 
window  in  the  obserxer  plane  is  subdivided, 
parallel  Lines-of-Sight  (LOS)  are  directed  towards 
the  target  at  intervals  specified  in  the  input  The 
LOS  may  intercept  the  target  surface,  the  plume 
and  the  hot  engine  parts  or  the  background,  thus 
drawing  the  corresponding  modules  and 


subroutines  If  the  LOS  interacts  with  the  plume, 
the  path  is  divided  into  layers  and  emission  and 
transmission  of  the  gas  layers  is  calculated  using  a 
molecular  band  model  Spectral  co-adding  or 
multiplication  of  all  possible  radiation  sources  and 
transmission  parts  results  in  the  'otal  spectral  radi¬ 
ance  of  a  LOS.  Spectral  and  spatial  integration  arc 
performed  to  obtain  a  thermal  image  and  the  spec¬ 
tral  distribution. 

Output  is  available  in  three  basic  forms,  for  line 
printer  and/or  data  sets,  namely  . 

•  thermal  Image,  as  array  of  pi.xels.  in  radiant 
intensity  and  equivalent  blackbody  temperature. 

•  spectral  Radiant  Intensity,  local  LOS  and  total 
scene,  wavenumber  and  wavelength  scale,  all 
spectra  analysed  for  contribution  of  each 
radiating  component  (skin,  engine,  plume, 
atmosphere,  background). 

•  integrated  Radiant  Intensity  in  spectral  bands 
and  cumulated  integrals  of  all  spectra 
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Fig.  6.3:  Simplified  flow  diagram  of  NIRATAM. 
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These  quantities  can  be  given  with  and  without 
atmospheric  and  background  effects. 

Fig.  6.4  shows  a  thermal  image  of  a  jet  airplane 
calculated  with  NIRATAM  in  the  spectral  band  3  - 
5  pm. 


TARGET 
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SYSTEM 

ZIT  _ 

DISPLAY 


HUMAN  SEARCH  AND 
TARGET  ACQUISITION 
PROBABILITIES 


Fig.  7  1:  Elements  of  electro-optical  s>'slems 
modelling. 


Fig  6.4;  Thermal  image  calculated  by 
NIRATAM,  spectral  band  3-5  pm. 
gray-scale  representation  in  radiance 
values. 

Number  of  rows  =  145.  number  of 
columns  -  450.  pi.xel  size  =  3  cm  .\  3 
cm.  distance  =  300  m.  altitude  =  150  m 
AGL.  speed  =  0.6  Mach,  aspect  angle 
OTA  (Off-Tail-Angle)  =  30°.  elevation 
angle  =  0°. 


6.3  Model  Applications 

The  model  can  be  used  for  e.xperimcntal  or 
theoretical  studies  and  more  detailed  operational 
research  studies,  e  g.  sensor  evaluation  against  air 
targets.  Typical  applications  are  prediction  of  the 
IR-signature  for  unmeasurable  aircraft,  e  g.  future 
aircraft  under  development.  The  model  is  also 
useful  in  the  study  of  the  effectiveness  of  IR-guidcd 
missiles,  target  detection  probability  and  the  result 
of  passive  countermeasures,  e  g.  camouflage  and 
reduction  of  IR-emission. 


7.  Range  Performance  Models 

Prediction  of  range  performance  of  a  sensor 
requires  appropriate  use  of  object  signatures, 
background  signatures,  atmospheric  attenuation, 
hardware  performance  and  human  recognition 
criteria.  We  concentrate  here  on  thermal  imagers 
(FLIR).  Fig.  7,1  shows  the  different  elements 
necessary  for  electro-optical  system  modelling. 


To  characterize  the  performance  of  thermal 
imagers  as  a  whole  some  quantitative  measures 
have  to  be  introduced 


7.1  Sensor  Performance  Measures 

For  a  thermal  imager  the  capability  to  resoUe 
small  temperature  differences  is  a  quality  number. 
A  quantity  called  noise  equivalent  temperature 
difference  (NETD)  has  been  introduced  as  quanti¬ 
tative  measure  for  this.  Ii  may  be  defined  as  the 
blackbody  target-to-background  temperature 
difference  in  a  standard  test  pattern  that  produces  a 
peak-to-rms-noise  ratio  of  unity  at  the  output  of  the 
sensor  electronic. 

NETD  is  a  single  value  rather  than  a  curve  and 
may  be  used  for  rough  estimates  of  the  signal-to- 
noise  ratio  (SNR)  from  a  FLIR  for  large  targets: 

SNR«AT/NETD.  (7.1) 

where  AT  is  the  "received"  temperature  difference. 
Most  good  FLIRs  can  be  expected  to  have  NETD 
values  of  a  few  tenths  of  a  degree  Kelvin. 

Besides  thermal  resolution  spatial  resolution  of  the 
thermal  imager  is  an  essential  factor.  This  is  quan¬ 
tified  by  the  modulation  transfer  function  (MTF)  of 
the  imager.  This  is  a  sine  wave  amplitude  response 
to  a  sine  wave  input  intensity  for  a  particular 
spatial  frequency.  The  spatial  frequency  is  defined 
as 

1  R 

^  ~  )  (*^2) 
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where  R  =  observation  distance  in  m 

®.\  ^  linear  (in  m)  and  angular  (in  rad) 

period  of  sine  wave  input 
intensiK 

Fig.  7.2  gives  a  qualitative  interpretation  of  the 
MTF  for  increasing  spatial  frequencies 


V,  V2  V3  Vx 

Spatial  Frequency 


Fig.  7.2:  Modulation  transfer  function,  (a)  Input 
signal  for  three  different  spatial 
frequencies,  (b)  output  for  the  three 
frequencies,  and  (c)  MTF  is  the  ratio  of 
output-to-input  modulation 


In  part  A  of  this  lecture  we  introduced  the  optical 
transfer  function  OTF  The  relation  between  the 
OTF  and  the  MTF  can  be  eNpressed  for  horizon¬ 
tally  and  vertically  spatial  frequencies  and  i>y  as 

Off  (u..uj  = 

MTF  )].  (7  .1) 

This  shows  that  the  OTF  is  a  complex  function 
whose  modulus  is  a  sine  wave  amplitude  response 
function  (MTF)  and  whose  argument  is  called 
phase  transfer  function  (RTF). 

The  most  widely  used  FLIR  system  performance 
measure  is  the  minimum  resolvable  temperature 
difference  MRTD.  This  quantity  is  measured  using 
a  test  pattern  like  that  shown  in  Figure  7.3. 
Blackbody  radiation  is  assumed  from  the  hotter 
bars  and  cooler  background.  Starting  from  0.  the 
temperature  difference  is  increased  until  the  largest 
bar  pattern  can  just  be  confidently  resolved  by  an 
observer  with  normal  vision  viewing  the  display. 
This  temperature  difference  becomes  the  MRTD 
value  for  that  lowest  spatial  frequency.  Then  the 
temperature  difference  is  increased  again  until  the 


next  largest  bar  pattern  can  be  resolved,  and  so  on. 
In  this  manner  a  curve  of  MRTD  versus  spatial 
frequency'  is  mapped  out  Typically  it  would  appear 
as  show  n  in  Figure  7.4 


Fig.  7.3;  Test  pattern  for  sensor  MRTD  determi¬ 
nation. 


1.0  0.1  o.x  oj  •.<  t.s  a.e  a.7  q.i  o.t  la 


SPATIAL  FREQUENCY  in  cycles  /  inrad 


Fig.  7.4:  Typical  FLIR  MTF  and  NtRTD  curves. 
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This  procedure  shows,  that  a  human  obscr\er  is 
involved  in  this  process  and  that  assumptions  must 
be  made  concerning  e  g.  the  SNR  value  required 
for  a  given  probabilitv'  of  recognition 

An  e.xact  formula  for  the  MRTD  is  given  in 
STANAG  4350.  Approximately  the  MRTD  as  a 
function  of  the  spatial  frequency  v)^.  can  be  given  as 


11 

(7.4) 

r  1  FOV 

with 

S/N-lcvel  of  the  eye. 

F: 

k-j-  =  2.25. 

F-number  of  the  optics. 

^0^ 

transmittance  of  the 

W(T): 

optics. 

weighted  (Rnf^)) 

Rn(>0: 

differential  radiance, 
normalized  detector 

D*Ap: 

responsivity. 
peak  spectral. 

FOV 

detectivity. 

field-of-view. 

MTFtot: 

overall  MTF. 

n: 

number  of  detector 

Ad 

elements, 
detector  area. 

•e- 

eye  integration  time. 

’Isc- 

scan  efficiency  . 

7.2  Static  Performance  Prediction 
Methodology  [25] 

In  the  late  1950s  John  Johnson  investigated  the 
relationship  between  the  ability  of  an  observer  to 
resolve  bar  targets  through  an  imaging  device  and 
their  ability  to  perform  the  tasks  of  detection, 
recognition,  and  identification  of  military  vehicles 
through  the  same  imager,  known  as  the  "equivalent 
bar  pattern  approach". 

In  this  approach  the  number  of  cycles  N  required 
across  the  targets  critical  dimension  was 
determined  for  various  discrimination  tasks.  Based 
on  various  field  tests  later,  the  probability  of  per¬ 
forming  a  particular  task  has  b^n  analyzed  what 
let  to  the  so  called  "target  transfer  probability 
function"  [1].  Table  7.1  is  a  combination  between 
the  transfer  probability  and  the  number  of 
necessary  resolvable  cycles  across  a  target  to  per¬ 
form  a  specified  task.  The  minimum  resolvable 


temperature  difference  MNTD  (u^).  see  Chapter 
7.1.  determines  the  temperature  difference  AT 
which  can  be  resolved  by  a  human  observer  for  a 
given  spatial  frequency  From  this  relation  the 
range  performance  of  a  FLIR  can  be  calculated 
according  to  STANAG  4347. 
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Table  7.1:  Number  of  resolvable  cycles  across  a 
target  and  probability  to  perform  a 
specified  task. 

For  some  practical  reasons  in  determining  the 
range  performance  of  a  system  the  spatial 
frequency  dependent  MRTD  (v)^)  i^  transferred  by 
pure  geometrical  considerations  to  a  range  R 
depended  function  called  "minimum  necessary 
temperature  difference"  MNTD  (R)  for  a  specified 
task  and  for  specified  probabilities  to  perform  the 
task,  see  Table  7  1  Using  this  concept  the 
performance  ranges  of  a  FLIR  can  be  determined 
from  the  calculated  or  measured  MNTD  (R)  curves 
for  the  tasks  detection,  classification,  recognition 
and  identification  of  a  target  for  a  determined 
probability  to  perform  the  task  e  g.  50  %  or  90  % 
ATA  is  the  effective  temperature  difference.  The 
relevant  ranges  are  determined  by  the  intersection 
points  of  the  MNTD  (R)  curves  with  the  range 
dependent  effective  temperature  difference  curve 
AT(R)  seen  by  the  sensor  at  distance  R  from  the 
target  with  initial  temperature  difference  AT(0)  to 
the  background.  The  initial  temperature  difference 
is  reduced  as  a  function  of  distance  caused  by 
atmospheric  extinction,  see  part  A  of  this  lecture. 
This  procedure  is  explained  in  Fig.  7.5. 
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Fig.  7.5:  Schematic  for  range  determination  of  a 
FLIR  from  the  effective  temperature 
difference  AT  at  the  obsersation  point 
and  the  minimal  necessary  temperature 
difference  MNTD  for  detection,  classifi- 
cation.  recognition,  and  identification 
for  50  %  probability  to  perform  the  task. 
For  comparison  the  90  %-cur\e  for 
identification  is  given. 


7.3  Static  Performance  Models 

The  U  S.  Army  Night  Vision  and  Electro-Optics 
Directorate  (NVEOD)  has  produced  several  end-to- 
end  sensor  performance  models  that  have  been 
widely  used.  These  include  the  1975  static 
performance  model  for  thermal  viewing  scanning 
systems  (also  widely  known  as  the  Ralches  model 
[25])  the  1990  thermal  imaging  systems 
performance  model  (also  known  as  FLIR  90)  with 
a  two-dimensional  minimum  resolvable 
temperature  MNTF  representation  and  the  1992 
updated  version  FLIR  92  which  includes  also 
staring  infrared  sensors  (26|.  sampling  effects  and 
three-dimensional  noise  contributions.  FLIR  92 
calculated  MRTD  values  are  presently  validated 
against  measured  MRTD  values  of  different 
sensors.  Fig.  7.6  shows  the  results  for  measured 
and  calculated  horizontal  MRTD  curves  for  a 
staring  PtSi  camera.  The  error  bars  in  Fig  7.6. 
indicate  95  %  confidence  intervals  for  the  MRTD 
measurements  [26]. 


HORIZONTAL  MRTD 


SPATIAL  FREQUENCY 


Fig  7  6:  Comparison  of  FLIR  92  calculated 
horizontal  MRTD  curve  for  a  PtSi 
camera  with  a  measured  one  Error  bars 
indicate  95  %  confidence  intervals  for 
MRTD  measurements 

7.4.  Range  Performance  Models 

ACQUIRE  is  as  computer  program  designed  by  the 
U.S.  Army  NVEOD  to  generate  range  performance 
predications  based  on  the  sensor  performance 
parameters  calculated  by  the  R  ’R  92  sensor 
performance  model  This  program  can  also  be  used 
as  a  stand-alone  analysis  tool,  using  sensor 
parameters  from  other  sources  such  as  measured 
MRTD  values. 

ACQUIRE  uses  MRTD  data,  target  characteristics 
and  atmospheric  conditions  to  predict  probability 
of  successfully  accomplishing  various  acquisition 
tasks  as  a  function  of  range,  using  Johnson's  cycle 
criteria. 

A  very'  similar  program  which  contains  sensor 
performance  calculations  and  range  calculations  is 
the  TRM  2  model  of  the  FGAN-FfO  [27].  The 
input  of  this  program  are  specified  values  for 

optics, 

image  formation, 
detectors, 
electronics, 
frequency  boost, 
display, 

synchronisation  and  stabilisation, 
observer  performance, 

Johnson  criteria  and  target  specification, 
atmospheric. 

The  output  is  the  horizontal,  vertical  and  averaged 
MRTD  as  a  function  of  spatial  frequency  and  the 
range  performance  (detection,  recognition. 
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identification)  for  specified  probability  values 
Table  7.2  is  a  typical  range  performed  output  of 

TRM  2  for  a  sample  calculation 
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Table  7.2:  Output  of  FGAN-F(D  TRM  2  sample 
calculation. 

8.  Conclusions 

Modelling  tools  for  atmospheric  propagation  and 
system  range  performance  analysis  have  been 
developed  and  steadily  improved  in  resent  years 
based  on  extensive  validations  using  new  high 
resolution  measurements  and  theoretical 
adaptations  together  with  enlarged  computer 
capabilities.  Nevenheless  there  is  still  some  work 
to  do  in  extending  these  models  or  establishing 
new  models  for  fiinher  coverage  of  needs 
concerning  both  empirical/statistical  planning 
methods  and  deterministic  operational  decision 
aids. 
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1.  SUMMARY 

Changes  in  the  North  Atlantic  Treaty  Organizations’s 
(NATO)  strategy,  force  structure  and  weapons  acquisition 
are  reviewed.  Propagation  assessment  and  environmental 
decision  aids  'fiat  mitigate  or  exploit  atmospheric  effects 
are  an  important  component  for  a  smaller,  more  flexible, 
and  more  efficient  allied  defense.  Examples  of  decision 
aids  are  presented  and  fu,  "e  direction  of  some  of  the 
efforts  is  discussed. 


2.  INTRODUCTION 

The  collapse  of  the  Soviet  Union  and  the  dissolution  of 
the  Warsaw  Pact  caused  a  change  of  NATO’s  strategy  and 
force  structure.  The  new  strategy  emphasizes  crisis 
management  rather  than  countering  a  monolithic  threat. 
The  new  force  structure  relies  on  smaller  forces, 
increased  mobility,  lower  overall  readiness,  more 
flexibility,  multi-national  forces,  and  rapid  augmentation 
capability.  These  changes  are  coupled  with  declining 
defense  budgets  which,  more  than  ever,  make  optimum 
utilization  of  all  resources  critically  important.  Many 
military  systems  such  as  communications,  surveillance, 
navigation,  electronic  warfare,  and  weapons  rely  on 
electromagnetic  (including  electrooptical)  propagation  in 
the  earth’s  environment.  Mitigation  and  exploitation  of 
environmental  effects  through  proper  propagation 
assessment  and  the  development  of  environmental  decision 
aids  are  crucial  components  in  achieving  the  goals  of  the 
post  Cold  War  NATO. 


3.  NEW  NATO  STRATEGY 

The  new  NATO  strategy  is  based  on  a  number  of 
documents  whose  content  is  summarized  in  the  Initial 
Planning  Guidance  for  AGARD  Technical  Panels  (1993). 
Relevant  portions  are  quoted  in  the  following. 

NATO’s  focus  has  changed  from  a  monolithic  threat  to 
crisis  management.  Emphasis  on  countering  specific 
threats  has  shifted  to  dealing  with  a  wide  sn.xtmn.  of 


pioteniial  risks  including  the  proliferation  of  weapons  of 
mass  destruction  and  their  delivery  systems,  disruptions  in 
the  flow  of  vital  resources,  terrorism  and  sabotage,  and 
ethnic  rivalries.  Concurrently.  NATO  member  defense 
budgets  are  declining  steeply.  Overall,  the  European 
security  architecture  is  more  dynamic  than  during  the 
Cold  War  era. 

The  characteristics  of  NATO’s  new  force  structure 
include;  smaller  forces,  increased  mobility,  lower  overall 
readiness,  more  flexibility,  multi-national  forces,  and 
rapid  augmentation  capability.  There  are  three  basic 
components:  main  defense  forces,  augmentation  forces 
and  reaction  forces.  The  main  defense  and  augmentation 
forces  will  be  at  a  lower  state  of  readiness  than  prior  to 
the  dissolution  of  the  Warsaw  Pact.  Reaction  forces  will 
be  at  a  higher  state  of  readiness. 

Weapons  acquisition  is  also  changing.  Modem,  potent 
weapons  arc  widely  available  and  widely  deployed. 
Concurrently,  NATO  members  are  reducing  the  quantity 
of  weapons  bought.  There  is  less  pressure  to  field 
advanced  technology  weapons,  fewer  resources  for 
research  and  development,  and  more  competition  for 
scarce  resources.  However,  there  is  more  time  to  develop 
systems  and  produce  prototypes  Procurement  emphasis 
will  be  on  low  risk,  high  payoff  systems.  Cost, 
producibility,  reliability,  durability,  ease  of  use,  and 
environmental  impact  are  becoming  more  important. 

What  has  not  changed  is  the  fundamental  need  for 
weapons  that  are  superior  in  terms  of  lethality, 
survivability,  operability,  and  flexibility.  A  wide  range  of 
broad  aerospace  research  activities  must  be  continued  to 
enable  the  development  of  improved  weapons.  Primary 
aerospace  research  areas  should  include  all  weather  day- 
L.ght  operations,  all  weather  day-night  precision  munitions 
with  longer  stand-off-ranges,  missile  defense,  better 
identification  systems,  better  sensors  and  information 
processing,  and  advanced  weapons  such  as  directed 
energy  and  non-lethal  weapons. 
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What  is  new  is  a  shift  in  emphasis  on  cenain  force 
characteristics  and  capabilities  that  increase  their  relative 
importance  in  achieving  NATO’s  strategy.  Areas  of 
increased  attention  include:  improved  flexibility  through 
better  command  and  control  and  weapons  capabilities, 
better  mobility,  improved  situational  awareness,  and  better 
training  techniques. 

Areas  of  interest,  mission  needs  and  reiated  technology 
thrusts 

The  following  identifies  areas  of  interest  and 
corresfionding  mission  needs/technology  thrusts  where 
propagation  assessment  and  decision  aids  will  directly 
support  and  enhance  the  successful  accomplishment  of  the 
new  NATO  strategy. 

Improved  Flexibility 

Mission  need:  Multi-role  aircraft  with  night/all  weather 
capability  and  wider  operating  envelopes.  Technology 
thrusts:  Improved  sensors,  weapons  and  interface, 
displays,  and  C^I. 

Mission  need:  More  precise  night/all  weather  and  stand¬ 
off  weapons  to  attack  both  mobile  and  fixed  targets. 
Technology  thrusts:  Improved  sensors  and  guidance 
systems. 

Mobility 

Mission  need:  More  mobile  and  deployable  tactical  air 


sensors.  Technology  thrust:  More  effective  weapons 
(sensors,  guidance). 

Improved  Situational  Awareness 
Mission  need:  Improved  reconnaissance/surveillance 
systems,  sensors,  and  platforms  with  emphasis  on  better 
resolution,  deeper  coverage,  and  all-weather  day/night 
operation.  Technology  thrusts:  Multi-spectral  sensors, 
space  sensors,  and  image  and  signal  processing. 

Mission  need:  Identification  of  friend  or  foe  on  the  ground 
and  in  the  air.  Technology  thrusts:  Non-cooperative  target 
recognition  and  multi-spectral  target  analysis. 

Improved  Training  Techniques 

Mission  need:  Virtual  synthetic  battlefields  for  exercises. 

Technology  thrusts:  Distributed  interactive  simulation 

networks,  wideband  communications,  and  advanced 

displays. 

In  the  above  areas  of  interest,  propagation  assessment  and 
associated  decision  aids  can  make  significant 
contributions.  For  example,  night  and  all  weather 
operations  are  critically  dependent  on  electromagnetic  and 
electrooptical  sensors  and  their  performance  in  adverse 
environments.  Non-cooperative  target  recognition  and 
multi-spectral  analysis  must  take  the  propagation 
environment  into  account.  Synthetic  battlefields  would 
not  be  realistic  if  propagation  effects  like  natural  and  man¬ 
made  obscurants  would  not  be  included.  In  the  following, 
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examples  are  given  that  illustrate  the  operational 
importance  of  propagation  effects. 

4.  PROPAGATION  EFFECTS  AND  DECISION  AIDS 
Performance  assessment  and  prediction  for  military 
systems  are  critical  for  their  optimum  use.  This  is 
illustrated  for  radiowave  propagation  in  the  lower 
atmosphere  where,  especially  over  the  ocean,  refractive 
layers  may  cause  anomalous  propagation  conditions. 
Figure  1  shows  how  such  a  surface-based  duct  may  alter 
the  radar  coverage  for  a  shipboard  radar.  The  radar 
signals  may  propagate  far  beyond  the  normal  horizon  and 
permit  extended  coverage.  At  the  same  time,  signals  may 
be  intercepted  at  unexpectedly  large  ranges.  Above  the 
layer  trapping  the  electromagnetic  energy,  there  may  be 
a  "hole"  in  radar  coverage  which  can  be  exploited  by  an 
intruding  aircraft  or  missile.  In  the  case  of  a 
height-finder  radar  for  which  altitude  is  derived  from  the 
elevation  angle  of  a  narrow-beam  radar,  signiflcant 
altitude  errors  may  be  encountered.  Figure  2  shows  the 


altitude  of  only  SOO  ft  which  is  within  the  duct.  Under 
standard  atmospheric  conditions,  the  ship’s  radar  should 
not  be  affected  by  the  jammer  since  it  is  far  beyond  the 
horizon.  However,  as  one  can  see  from  the  right  side  of 
figure  2,  the  duct  channels  the  jamming  energy  very 
efficiently  and  the  ship’s  radar  is  jammed  over  a  wide 
range  of  angles  (i.e.,  through  radar  sidelobes). 

The  scientific  understanding  and  the  ability  to  model 
anomalous  propagation  effects  must  be  made  available  to 
the  operational  military  community  in  a  manner  that  can 
be  readily  used.  This  has  been  accomplished  with  the 
increased  availability  of  computers  and  display 
technology.  An  early  example  of  a  stand-alone 
propagation  assessment  system  for  shipboard  use  is  the 
Integrated  Refractive  Effects  Prediction  System  (IREPS) 
(Hitney  and  Richter,  1976).  This  system  provides  radio 
and  radar  propagation  assessment  in  a  marine 
environment.  Several  tactical  decision  aids  (TDAs)  were 
developed.  An  example  of  a  TDA  is  shown  in  figure  3 
for  determining  attack  aircraft  flight  altitudes.  The  left 
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Figure  2.  Jamming  effectiveness  under  atmospheric  ducting  conditions  (540  f)  surface-based  duct). 


dramatic  effect  of  a  surface-based  duct  on  jamming 
operations  and  illustrates  how  knowing  the  environment 
can  be  used  to  military  advantage.  Figure  2  consists  of 
two  photographs  of  a  shipboard  radar  display  during 
operations  off  the  southern  California  coast.  The  fact  that 
the  radar  senses  the  coast  line  and  several  islands  beyond 
its  "normal"  radar  horizon  indicates  the  presence  of  a 
surface-based  duct.  The  left  radar  display  was  taken 
when  a  jamming  aircraft  flew  high  above  the  duct  but 
only  26  nmi  away.  The  radar  is  jammed  over  a  very 
narrow  angle  along  the  radial  to  the  jammer.  The  right 
radar  display  shows  the  jamming  aircraft  at  more  than 
twice  the  distance  away  from  the  ship  but  now  at  a  low 


side  of  figure  3  schematically  displays  a  radar  detection 
envelope  under  standard  atmospheric  conditions.  An 
attack  aircraft  would  avoid  detection  by  flying  low.  The 
right  side  of  figure  3  shows  the  radar  detection  envelope 
for  ground-based  ducting  conditions  when  radar  coverage 
may  be  greatly  extended.  Since  a  low  flying  aircraft 
would  be  detected  at  long  ranges,  a  flight  altitude  just 
above  the  duct  would  best  facilitate  penetration  without 
detection.  This  TDA  and  others  have  become  an  integral 
part  of  military  operations  and  demonstrate  the  success  of 
translating  the  effect  of  complex  geophysical  conditions 
into  military  doctrine. 
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Figure  3.  Flight  altitudes  for  attack  aircraft  for  different  atmospheric  ducting  conditions. 

Another  propagation  assessment  system  became  widely  Long-range  propagation  for  the  hf  frequency  band  (2-40 
used  for  the  assessment  of  high-frequency  (hf)  propagation  MHz)  is  determined  by  the  structure  of  the  ionosphere 
and  is  called  PROPHET  (Richter  et  al.,  1977).  which  is  influenced  by  solar  radiation.  Prediction  of  hf 


Figure  4.  Signal  strength  contours  for  high-frequency  propagation  coverage. 
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electromagnetic  propagation  data  aiul  TDAs  directly  or 
transfer  properly  formatted  mivironmental  input  data  to 
the  respective  con^nents  of  command  and  control 
systems.  Similarly,  hf  propagation  assessment  has  been 
incorporated  into  frequency  management  systems. 

5.  FUTURE  DIRECTIONS 

Tropospheric  Radio  Propagation 

Operational  assessment  of  anomalous  radio  propagation  is 
usually  made  under  the  assumption  that  the  atmosphere  is 
horizontally  homogeneous.  This  assumption  is  based  on 
a  physical  reason  since  the  atmosphere,  in  particular  over 
ocean  areas,  is  horizontally  much  less  variable  than 
vertically.  Horizontal  homogeneity  also  implies  temporal 
persistence.  Propagation  forecasts  are  often  based  on 
persistence,  i.e.,  it  is  assumed  that  present  conditions  will 
not  change  significantly  in  the  near  future.  There  are, 
however,  conditions  for  which  horizontal  inhomogeneity 
may  be  important,  for  example  at  air  mass  boundaries,  in 


Figure  5.  Information  flow  for  the  Tactical  Environmental  Support  System  (TESS). 


propagation  conditions  requires  a  complex  mix  of 
analytical  and  empirical  models.  An  example  of  a 
PROPHET  product  is  shown  in  figure  4.  Signal-strength 
contours  are  plotted  for  a  24-hour  time  period  as  a 
fimction  of  hequency.  This  display  is  for  a  specific 
propagation  path  (Honolulu  to  San  Diego)  and  depends  on 
solar  radiation  and  ambient  electromagnetic  noise.  The 
communications  operator  can  determine  from  this  display 
which  frequency  to  use  to  suit  specific  communications 
requirements  (MUF  is  maximum  usable  frequency,  FOT 
i  is  frequency  of  optimum  transmission,  LUF  is  lowest 

usable  frequency).  The  hf-ftequency  spectrum  will 
i  remain  of  importance  to  the  military  community  in  spite 

I  of  advances  in  satellite  communications  for  two  reasons. 

I  First,  it  remains  a  back-up  in  case  of  satellite 

I  cotnmunications  denial  and,  second,  many  countries  (let 

i  alone  terrorists  and  drug-traffickers)  do  not  have  satellite 

j  resources  and  rely  on  hf.  HFDF  (high-frequency 

•  direction  finding)  is,  therefore,  another  important  and 

!  very  successful  application  of  PROPHET  and  its 

derivatives  devoted  specifically  to  this  purpose. 


While  IREPS  and  PROPHET  were  developed  as 
stand-alone  systems,  the  complexity  of  modem  warfare 
necessitated  their  incorporation  into  command  and  control 
systems.  The  high-level  militaiy  decision  maker  must 
have  real-time  access  to  accurate  environmental  data 
which  include  the  propagation  environment.  An  exanple 
is  Tactical  Environmental  Support  System  (TESS) 
developed  by  the  United  States  Navy  which  provides 
meteorological  and  oceanognphic  data  to  command  and 
control  systems  (figure  S).  T^S  accepts  forecast  models 
from  central  sites,  receives  real-time  meteorological  and 
oceanographic  satellite  data  and  uses  locally  generated 
models  and  observations.  TESS  can  either  provide 


coastal  regions  or  over  complex  terrain.  Therefore, 
future  efforts  will  address  both  propagation  assessment  for 
horizontally  varying  refractivity  conditions  and 
propagation  over  terrain. 

The  major  problem  of  operational  assessment  of 
propagation  in  inhomogeneous  refrta^tivity  conditions  is 
not  the  propagation  modeling  part  but  the  timely 
availability  of  the  temporal  and  spatial  structure  of  the 
refractivity  field.  There  are  presently  no  sensing 
capabilities  available  which  could  be  used  operationally 
and  the  outlook  is  not  very  good.  There  is  some  hope  of 
success  in  two  areas:  use  of  satellite  sensing  techniques 
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to  describe  the  three  dimensional  refractivity  field  and 
improvement  of  numerical  mesoscale  models  that  are 
adequate  for  this  purpose.  Since  entirely  rigorous 
solutions  are  unlikely  to  be  available  soon,  empirical  data 
have  to  be  used  as  well  as  expert  systems  and  artificial 
intelligence  techniques.  In  addition,  improved  direct  and 
remote  ground-based  refractivity  sensing  techniques  need 
to  be  developed.  Radiosondes  and  microwave 
refractometers  will  remain  the  major  sources  for 
refractivity  profiles.  Profiling  lidars  may  supplement 
techniques  under  clear  sky  conditions  and  their 
practicability  will  be  further  investigated.  There  is, 
presently,  little  hope  that  radiometric  methods  can  provide 
profiles  with  sufficient  vertical  resolution  to  be  useful  for 
propagation  assessment.  There  is,  however,  some  hope 
that  radars  themselves  can  eventually  be  used  to  provide 
refractivity  profiles. 

Long  Wave  Propagation 

So  far,  propagation  in  the  frequency  range  below  the  hf 
band  has  not  been  discussed.  It  is  often  referred  to  as 
long  wave  propagation  and  a  number  of  military 
applications,  especially  for  strategic  use,  occupy 
frequencies  in  this  band.  Propagation  of  long  waves  over 
great-circle  paths  in  a  homogeneous  ionosphere  is  well 
understood.  Less  understood  are  the  effects  of 
propagation  over  non-great-circle  paths,  the  effects  of 
inhomogeneous  ionospheric  conditions  caused  by  energetic 
panicle  precipitation,  sporadic  E,  electron  density  ledges 
and  nonreciprocal  propagation  phenomena.  Another  area 
in  need  of  attention  is  the  improvement  of  atmospheric 
noise  prediction  codes.  Finally,  the  often  extensive 
computer  time  required  by  longwave  propagation  codes 
should  be  shonened  through  more  efficient  algorithms 
and  faster  numerical  techniques. 


High-Frequency  Propagation 

Empirical  data  bases  are  used  in  short  wave  propagation 
modeling  and  assessment  work.  These  data  bases  need 
improvement  in  both  accuracy  and  spatial /temporal 
coverage.  Profile  inversion  techniques  which  are  used  to 
derive  electron  density  profile  parameters  give  non-unique 
answers  and  need  to  be  refined.  Short-term  ionospheric 
fluctuations  and  tilts  are  becoming  increasingly  important 
for  modern  geolocation  and  surveillance  systems.  An 
intensive  measurement  and  modeling  effort  is  required  to 
understand  and  predict  such  phenomena.  Some  of  the 
physics  of  solar-ionospheric  interactions  and  the  time 
scales  involved  are  still  poorly  understood  and  require 
further  research.  Existing  short  wave  propagation 
assessment  systems  are  based  on  simple  models.  Future 
systems  will  need  sophisticated  models  and  extensive 
validation  procedures.  With  increased  computer 
capability,  more  complex  models  can  be  executed  fast 
enough  for  near-real-time  applications.  Also,  the 
increasing  use  and  availability  of  oblique  and  vertical 
incidence  sounders  make  this  data  source  an  attractive 


additional  input  for  assessment  systems.  This  would  make 
it  possible  to  update  the  various  ionospheric  parameters 
used  in  the  models  which  form  the  basis  of  these 
assessment  systems.  In  addition,  the  availability  of 
computer  networks  should  allow  the  development  of 
regional,  near-real-tin»  models  based  on  a  net  of  sounder 
measurements. 

Transionospheric  propagation  predictions  are  limited  by 
the  accuracy  of  total  electron  content  (TEC)  values. 
Much  of  the  difficulty  arises  from  geomagnetic  storm 
effects,  traveling  ionospheric  disturbances,  lunar/tidal 
effects,  and  other  temporal/spatial  phenomena.  The  best 
and  only  major  improvement  over  monthly  TEC 
climatology  predictions  can  be  obtained  by  real  data 
observations  not  more  than  a  few  hours  old  taken  where 
the  TEC-time-delay  correction  is  required.  Present 
theories  are  inadequate  to  predict  these  temporal 
deviations  from  quiet  ionospheric  behavior,  and  efforts  to 
improve  those  deficiencies  are  recommended. 

Climatological  models  for  transionospheric  propagation 
predictions  need  more  and  better  data  for  improved  spatial 
resolution.  In  addition,  parameters  from  the  neutral 
atmosphere  and  the  magnetosphere  may  provide  insight 
into  the  reasons  for  the  complexity  in  the  spatial/'temporal 
variability  of  TEC.  For  the  proper  use  of  more 
spatially-dense  data,  future  ground-based  observation 
networks  must  have  standard  format,  calibration,  editing, 
processing  and  interpretation  techniques. 

Ionospheric  scintillations  are  caused  by  various  plasma 
instabilities.  Approximate  stochastic  solutions  to  the 
propagation  problem  describe  quantitatively  the 
scintillation  phenomenon  when  the  statist  i  properties  of 
the  irregularities  are  known.  MorpholOfCaJ  models  of 
scintillation  have  been  built  to  predict  the  scintillation 
occurrence  and  strength  as  a  function  of  geographical, 
geophysical  and  solar  parameters.  Since  ionospheric 
scintillation  can  be  a  limitation  to  various  space-based 
systems,  empirical  models  have  been  made  available  for 
system  design.  However,  the  solar  and  geomagnetic 
dependence  of  scintillation  is  still  not  fully  understood  and 
requires  more  attention  in  the  future.  Multi-technique 
measurements  have  proved  very  productive  and  should  be 
the  experimental  approach  for  future  modeling  efforts. 

For  hf  ground-wave  propagation  assessment,  the 
^proximate  models  now  utilized  should  be  replaced  by 
more  complex  and  comprehensive  prediction  models. 
This  should  improve  the  accuracy  of  assessment  and 
would  avoid  the  discontinuity  at  frequencies  where  a 
change  in  approximate  models  is  now  made.  New 
software  should  allow  for  a  nonstandard  atmosphere  and 
for  sections  with  different  ground  electrical  properties. 

Millimeter- Wave  and  Electrooptical  (EO)  Propagation 

Figure  6  shows  atmospheric  attenuation  for  frequencies 
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above  10  GHz.  Molecular  absorption  and  extinction  from 
aerosol  particles  (haze,  fog,  clouds,  rain,  snow  etc.)  play 
a  major  role.  The  solid  curve  in  the  figure  denotes 
molecular  absorption  which  rapidly  increases  above  10 
GHz  with  alternating  peaks  and  valleys.  Of  particular 
interest  is  the  valley  just  below  1(X)  GHz  which  offers  still 
acceptably  low  attenuation  rates  for  many  applications. 
What  makes  the  frequency  range  between  90  -  100  GHz 
attractive  is  that  the  relatively  small  wavelength 
(approximately  3  mm)  permits  narrow  antenna  beams  for 
small  apertures.  The  major  advantage  of  mm-waves  over 
other  frequencies  in  the  infrared  or  optical  region  is  that 
mm-waves  are  less  affected  by  hazes,  fogs,  smokes  and 
clouds  and  are  also  capable  of  penetrating  foliage.  They 
are  also  strongly  affected  by  atmospheric  refractivity.  In 
the  case  of  near-surface  ocean  propagation,  the  so-called 
evaporation  duct  dramatically  increases  signal  levels.  For 
example,  94  GHz  signal  levels  for  a  4i  km  propagation 
link  in  the  southern  California  off-shore  area  are 
commonly  enhanced  by  60  dB  (Anderson,  1990).  Intense 
mm-wave  measurement  and  analysis  efforts  are  presently 
being  conducted  under  the  sponsorship  of  the  Defense 
Research  Group  of  NATO. 

Molecular  absorption  decreases  for  frequencies  above  10 
THz  but  is,  again,  characterized  by  peaks  and  valleys. 


There  are  several  such  valleys  in  the  infrared  band  and 
molecular  absorption  is  very  low  for  the  visible  band.  EO 
systems  are  sensor  and  weapon  systems  which  rely  on 
electromagnetic  radiation  in  the  infrared,  visible  and 
ultraviolet  wavelength  bands.  They  are  of  specific 
importance  to  military  operations  because  they  permit 
pointing  accuracies  and  covertness  not  achievable  at  radio 
wavelengths.  Unfortunately,  they  are  significantly  more 
dependent  on  the  properties  of  the  propagation  medium 
than  radio  wavelengths.  This  critical  dependency  controls 
their  deployment  and  requires  a  precise  knowledge  of  the 
effects  of  the  propagation  environment  on  their 
performance. 

Figure  7  illustrates  .ospheric  parameters  influencing  the 
performance  of  a  Forward  Looking  Infrared  (FLIR) 
system  operating  in  a  marine  environment.  The  primary 
atmospheric  parameters  affecting  the  propagation  of 
radiation  in  the  (EO)  bands  are:  aerosol  extinction, 
molecular  absorption,  turbulence  and  refraction.  Aerosol 
extinction  is  the  sum  of  scattering  and  absorption  by 
atmospheric  aerosols.  Shape,  chemical  composition,  and 
size  distribution  of  atmospheric  aerosols  are  dependent  on 
a  number  of  other,  often  unknown,  parameters  (such  as 
air  mass  origin,  relative  humidity,  wind,  etc.)  and  are 
difficult  to  measure  and  model.  Molecular  absorption  is 
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Figure  7.  Parameters  affecting  FLIR  (Forward  Looking  Infrared)  performance. 


probably  the  best  understood  of  the  above  parameters  and, 
for  practical  purposes,  can  be  accurately  predicted. 
Atmospheric  turbulence  is  primarily  due  to  temperature 
fluctuations  and  may  cause  beam  wander,  scintillations 
and  image  blurring.  Atmospheric  refraction  may 
significantly  shorten  or  ei'tend  horizon  ranges  for 
near-surface  geometries  which  is  an  important  factor  in 
the  detection  of  low-flying  anti-ship  missiles. 

Besides  the  atmospheric  parameters  which  control 
propagation,  use  of  some  EO  sensors  requires  a 
knowledge  of  additional  environmental  factors. 
Surveillance  systems  (such  as  FLIRs  and  Infrared  Search 
and  Track  Systems  or  IRSTs)  sense  the  temperature 
difference  or  contrast  temperature  between  the  target  and 
the  background,  llie  background  temperature  is  often  a 
complex  function  of  emissivity  of  the  background 
(atmosphere,  sea  surface,  ice,  ground),  path  radiance  and 
reflections  from  the  sky  or  other  sources.  In  addition, 
clutter  from  sun-glint  or  cloud  edges  may  mask  targets  or 
produce  false  alarms. 

Environmental  factors  affecting  EO  systems  must  be 
known  for  both  the  design  of  such  systems  and  their 
optimum  operational  deployment.  Design  of  new  EO 
systems  and  planning  of  military  operations  require  good 
statistical  data  bases  while  their  actual  use  necessitates 
accurate  information  of  the  conditions  present.  Therefore, 
models  need  to  be  developed  and  validated  which  relate 


atmospheric  EO  parameters  to  commonly  available 
meteorological  data.  An  example  is  an  aerosol  model 
based  on  temperature,  humidity  and  wind  observations. 
A  particularly  challenging  task  is  the  development  of  new 
sensing  techniques  for  both  in-situ  and  satellite  use. 
Among  various  approaches  are  lidars  (laser  radars), 
radiometric  techniques  and  a  variety  of  devices  which 
measure  angular  scattering  from  aerosols. 

Finally,  comprehensive  technologies  have  been  developed 
using  fibers  to  transmit  EO  signals.  These  technologies 
are  dominated  by  commercial  applications  but  there  are 
significant  military  uses  that  make  fiber  optics  an 
important  concern  for  AGARD.  An  example  is  use  of 
ultra-low  loss  fibers  to  guide  missiles  or  to  remotely 
control  vehicles. 


6.  CONCLUSIONS 

Electromagnetic  propagation  assessment  is  crucial  in  the 
development  of  sensor  and  weapon  systems,  in  military 
planning  and  for  real-time  operations  and,  in  connection 
with  operational  decision  aids,  has  an  important  role  in 
the  new  NATO  strategy.  Propagation  assessment  supports 
the  NATO-identified  areas  of  interest  in  improved 
flexibility,  mobility,  improved  situational  awareness,  and 
improved  training  techniques.  Above  all,  propagation 
assessment  and  related  decision  aids  allow  more  effective 
and  efficient  use  of  available  resources.  Many  chal- 
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lenging  tasks  remain  in  all  regions  of  the  electromagnetic 
spectrum.  Promising  areas  for  emerging  applications  are 
nun-wave  and  EO  wavelength  bands.  A  major  concern  is 
the  timely  and  accurate  description  of  the  propagation 
environment.  Increasingly  sophisticated  signal  processing 
techniques  will  be  required  for  jam-resistant,  noisy  and 
congested  electromagnetic  environments.  For  military 
operations,  electromagnetic  propagation  assessment  must 
be  an  integral  part  of  command  and  control  systems. 
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1  SUMMARY 

The  presence  of  rain  on  a  propagation  path  can  cause  severe 
attenuation  in  the  SHF  and  EHF  frequency  bands,  reducing 
the  performance  of  communications  and  radar  systems.  Rain, 
snow  and  ice  can  also  gives  rise  to  scatter,  causing  radar 
clutter  and  the  potential  for  interference  to,  and  an  increased 
probability  of  intercept  of,  communications  links.  The 
structure  of  precipitation  and  cloud  is  discussed,  and  an 
overview  of  the  physics  of  scatter  of  electromagnetic  waves  by 
rain  is  given.  This  is  followed  by  a  description  of  practical, 
statistical  methods  for  the  prediction  of  rain  attenuation  on 
terrestrial,  radar  and  satcom  systems,  and  simple  cross  section 
models  for  radar  clutter  and  bistatic  scatter. 

Atmospheric  gases  absorb  energy  from  electromagnetic  waves 
because  of  molecular  resonances  at  particular  frequencies  in 
the  SHF  and  EHF  bands.  The  mechanisms  are  discussed  and 
practical  prediction  procedures  for  the  calculation  of  gaseous 
attenuation  given. 

2  INTRODUCTION 

Rain  and  atmospheric  gases  can  affect  the  performance  of 
communications  and  radar  systems.  The  most  complex  and 
variable  component  is  water;  depending  on  temperature  and 
concentration,  it  can  occur  in  the  gaseous,  liquid  or  solid 
phase.  Rain  and  other  forms  of  precipitation  (snow  and  hail) 
together  with  suspended  liquid  or  frozen  water  in  the  form  of 
fog,  cloud  or  ice  crystals  are  genetically  referred  to  as 
"hydrometeors”. 

Hydrometeors  absorb  and  scatter  electromagnetic  waves,  and 
therefore,  if  present  along  a  communications  or  radar  path,  can 
lead  to: 

•  attenuation  of  the  signal,  resulting  in  a  reduction  of  radar 
detection  and  communication  ranges; 

•  backscatter  from  rain  cells,  giving  rise  to  rain  clutter 
returns  on  radar  systems; 

•  coupling  of  the  transmission  path  to  a  second  receiver  via 
bistatic  scatter  from  rain  cells  common  to  the  two 
communications  paths,  causing  interference  or  an 
increased  intercept  probability. 

In  the  gaseous  state,  water  vapour  and  other  atmospheric 
components  strongly  absorb  electromagnetic  energy  at 
particular  frequencies,  and  this  gives  rise  to  attenuation  at 
these  frequencies. 

All  the  effects  mentioned  become  more  significant  as  the 
frequency  increases,  and  can  generally  be  ignored  at 
frequencies  below  3  GHz,  The  primary  concern  here  is  the 
operation  of  radar  and  communications  systems  in  the  SHF 
(3-30  GHz,  1 0-1  cm  wavelength)  and  EHF  (30-300  GHz, 
1 0-1  mm  wavelength)  bands.  Above  300  GHz  the  effects  of 


hydrometeors  and  atmospheric  gases  are  also  very  important: 
these  are  discussed  in  the  lectures  devoted  to  elecirooptics. 

3  HYDROMETEORS 

The  effect  of  hydrometeors  on  a  radar  or  communication  path 
depends  on  the  system  geometry,  frequency,  and  the  types  of 
particles  present.  In  general,  more  than  one  type  of  hydro- 
meteor  can  occur  simultaneously  along  a  radio  or  radar  path. 
In  particular  a  satcom  link  will  often  encounter  rain  over  the 
lower  part  of  the  path  and  snow  and  ice  at  greater  heights. 

Because  of  the  complexity  and  variability  of  the  rainfall 
process,  and  the  consequent  lack  of  knowledge  of  the  detailed 
structure  of  rainfall  along  a  specific  path  at  a  specific  time, 
practical  prediction  models  for  the  effects  of  hydrometeors  on 
radio  systems  tend  to  be  statistical  in  nature,  based  on 
information  such  as  the  rainfall  rate  distribution  at  the  ground. 
However,  these  statistical  models  are  founded  on  physical 
principles,  and  in  recent  years  advances  in  remote  sensing  by 
meteorological  radars  have  increased  our  understanding  of  the 
structure  of  rain,  and  the  way  in  which  it  affects  radiowave 
propagation. 

The  effect  of  hydrometeors  on  the  attenuation  or  scattering  of 
an  electromagnetic  wave  is  determined  by  (a)  the  attenuation 
and  scattering  properties  of  a  single  hydrometeor  particle; 
(b)  the  distribution  of  particle  types,  sizes  and  shapes  within  a 
rain  cell;  (c)  the  distribution  of  rain  cells  along  the 
propagation  path.  Before  presenting  the  statistical  models, 
therefore,  the  structure  of  rain  and  the  other  hydrometeor  types 
is  discussed,  followed  by  an  overview  of  the  physics  of 
scattering  by  particles. 

3.1  Structure  of  precipitation  and  cloud 

3.1.1  Rain  cell  structure  and  rainfall  rates 

One  of  the  most  obvious  observations  about  rain  is  that  very 
different  types  of  rainfall  occurs,  depending  on  the  climate  and 
local  weather.  For  example,  in  temperate  climates,  stratiform 
rain  gives  rise  to  widespread  rain  or  drizzle  of  long  duration, 
although  the  rain  rates  are  generally  quite  low,  while 
convective  rain  is  usually  of  short  duration,  but  can  be  quite 
intense,  particularly  during  a  thunderstorm.  In  tropical 
climates,  long  periods  of  very  intense  rainfall  can  occur. 

Figure  I  shows  two  views  of  typical  stratiform  tain  in  the  UK, 
obtained  from  the  Chilbolton  Advanced  Meteorological 
Radar  { I  ],  operating  at  3  GHz.  On  the  left  is  a  plan-position 
indicator  (PPI)  view  out  to  a  radius  of  80  km  surrounding  the 
radar,  the  darker  colours  indicating  the  higher  levels  of 
backscatter  from  the  hydrometeors.  On  the  right  is  a  range- 
height  indicator  (RHI)  view  along  the  315“  radial  of  the  PPI. 
Note  the  uniform  and  widespread  nature  of  the  rain.  The  dark 
band  between  1 .5  and  2  km  height  in  the  RHI  is  the  melting 
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Figure  I:  Radar  views  of  stratiform  rain 
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Figure  2:  Radar  views  of  convective  rain 


layer:  above  this  height,  the  water  is  in  the  solid  state  (ice). 
The  melting  layer  is  also  visible  in  the  PPI  as  a  poorly-defined 
ring  at  the  radius  where  the  radar  beam  (which  is  inclined  at 
1.5”  elevation  to  the  horizontal)  intercepts  the  layer.  The 
melting  layer  is  discussed  in  more  detail  later. 

In  contrast  Figure  2  shows  a  typical  convective  event.  The  PPI 
shows  a  line  of  rain  cells  associated  with  a  weather  front  on 
the  left  of  the  picture,  and  convective  activity  to  the  right.  The 
RHI  was  taken  along  the  1 1 5“  radial  of  the  PPI.  and  is  very 
different  from  the  stratiform  event:  the  individual  rain  cells  are 
more  intense  and  localised,  there  is  a  clear  "top”  to  the 
convective  activity,  and  there  is  no  evidence  of  a  melting 
layer.  (The  scatter  visible  at  ranges  less  than  20  km  is  not  due 
to  rain  at  all.  but  to  ground  clutter  in  the  vicinity  of  the  radar. 
Note  also  that  the  dark  colours  at  the  top  of  the  rain  do  not 
represent  high  levels  of  OacKscatter,  but  are  an  artefact  due  to 
the  monochrome  reproduction  of  a  colour  radar  image). 

Figures  1  and  2  have  shown  something  of  the  variability  of  the 
spatial  structure  of  different  types  of  rain  cells.  It  is  also 
important  to  know  for  any  particular  climate  the  percentage  of 


the  time  that  different  rain  types  will  be  encountered.  The 
simplest  indicator  of  this  is  the  rainfall  rate  distribution 
measured  at  the  ground. 

Rainfall  statistics  are  of  course  available  from  measurements 
made  on  a  regular  basis  by  the  world-wide  network  of 
meteorological  stations.  Unfortunately  these  measurements  are 
more  concerned  with  total  rainfall  amounts  than  with  rainfall 
rates  and  rainfall  rates  derived  from  these  generally  have 
integration  times  of  the  order  of  one  hour.  This  is 
unsatisfactory  since  the  intense  rain  events  that  give  rise  to  the 
most  severe  problems  for  radiowave  propagation  may  last  for 
only  a  few  minutes  or  less. 

However,  rain  rate  measurements  using  fast  response  rain 
gauges  (typically  with  integration  times  of  one  minute)  have 
been  made  by  radio  engineers  world-wide,  and  the 
International  Telecommunication  Union  (ITU)  has  published 
global  maps  of  rain  climatic  zones  [2].  Figure  3  shows  the 
rainfall  intensity  exceeded  for  a  given  percentage  of  the  time 
in  three  of  these  zones  (Arctic:  zone  A;  Temperate:  zone  E; 
Tropical:  zone  P).  The  Arctic  and  Tropical  zones  represent  the 
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Figure  3:  Typical  rainfall  rale  distributions  for  three  climates 

extremes  of  low  and  high  intensity  rainfall,  respectively.  Note 
the  fairly  obvious  facts  that  in  any  climate,  the  duration  of 
intense  rain  is  much  less  than  that  of  weak  rain,  and  that  rain 
only  occurs  at  all  for  a  few  percent  of  the  time  in  most 
climates. 

The  rainfall  rate  distributions  shown  in  Figure  3  are  median 
annual  distributions.  It  has  tc  be  borne  in  mine  that  rainfall 
patterns  can  vary  widely  from  year  to  year,  and  that  there  will 
be  seasonal  variations  within  the  year.  These  issues  arc 
discussed  in  Section  3.5. 

3.1.2  Raindrop  size  distributions 

In  rain,  the  drops  arc  not  all  of  the  same  size  or  shape.  They 
range  in  size  from  less  than  0. 1  mm  to  greater  than  1  mm.  The 
relative  mix  of  small  and  large  drop  sizes  depends  on  the  rain 
type  and  rainfall  rate,  and  is  described  statistically  by  means  of 
the  drop  size  distribution.  This  distribution  is  central  to  the 
calculation  of  physical  quantities  such  as  rainfall  rate, 
attenuation  and  radar  scatter  cross  section. 

The  effects  of  gravity,  air  resistance  and  surface  tension  cau.se 
the  larger  drops  to  become  more  elongated  in  the  horizontal 
than  in  the  vertical  direction  (oblate  spheroids)  as  they  fall. 
The  degree  of  oblateness  is  directly  proportional  to  the  size  of 
the  drops:  those  with  a  diameter  smaller  than  1  mm  are 
virtually  spherical,  while  8  mm  diameter  drops  have  an  axial 
ratio  of  about  0.5, 

The  drop  size  distribution  function  N{D)  is  defined  such  that 
N{D)dD  is  the  number  of  drops  per  cubic  metre  with  drop 
diameters  between  D  and  D  +  dD.  (Since  the  larger  drops  are 
not  exactly  spherical.  D  is  strictly  defined  as  the  equivalent 
diameter  of  an  equivolumetric  sphere). 

Measurements  of  rain  drop  sizes  in  several  types  of  rain  all 
show  a  drop  size  distribution  strongly  biased  towards  the 
smaller  drop  sizes.  The  most  widely  used  model  of  the  drop 
size  distribution  is  the  Marshall-Palmer  distribution  [3]: 

N{D)  =  N„exp{-AD)  (1) 


The  quantity  A  decreases  with  rain  rate  K.  and  the  distribution 
can  be  written  in  terms  of  rain  rate  using  the  empirical 
relationship: 

A  =  41)(^’-'  (2) 

with  A  given  in  cm  '  and  R  in  mm/hr.  A  typical  value  of  .V,  Is 
8x1(7*  m ’em  '. 

Because  of  the  rain  rate  dependence  of  A.  the  ratio  of  the 
number  of  large  drops  to  the  number  of  small  drops  increases 
as  the  rain  rate  increases.  Table  1  gives  typical  values  for  the 
Marshall-Palmer  distribution.  Note  also  that  the  total  number 
of  drops  per  unit  volume  increases  as  the  rain  rate  increases. 


Rain  type 

Percentage  of  Percentage  of 
small  drops  large  drops 

(diam  <  0, 1  mm)  (diam  >  1  mm) 

Light  rain  ( 1  mm/hr) 
Moderate  rain  (5  mm/hr) 
Heavy  rain  (25  mm/hr) 
Intense  rain  (100  mm/hr) 

34  2 

25  5 

19  12 

14  21 

Table  I:  Rain  drop  sizes  in  the  Marshall-Palmer  distribution 


Other  raindrop  size  distributions  exist  in  the  literature.  The 
Laws  and  Parsons  distribution  14)  is  a  numerically  tabulated 
distribution,  similar  in  form  to  the  Marshall-Palmer  except  that 
it  has  slightly  fewer  small  drops.  Gamma  and  log-normal 
distributions  have  also  been  used:  these  provide  a  natural  cut¬ 
off  at  the  small  drop  sizes. 

No  single  model  of  drop  size  distribution  is  adequate  to 
describe  all  rain-related  phenomena.  Different  propagation 
quantities  at  different  frequencies  are  sensitive  to  different 
ends  of  the  distribution,  and  accurate  predictions  may  require 
a  careful  consideration  of  the  best  distribution  for  the 
application.  However,  the  Marshall-Palmer  distribution  has 
generally  been  found  to  be  satisfactory  for  statistical 
predictions  in  the  upper  SHF  band:  in  practical  calculations, 
any  fine  structure  in  the  drop  size  distributions  and  variations 
in  the  large  scale  structure  of  a  rain  cell  tend  to  be  averaged 
out  by  the  integration  over  the  distribution  and  along  the  path. 

3.U  Snow,  hail  and  ice 

Snow  consists  of  aggregated  ice  crystals,  with  large  flakes 
forming  only  at  temperatures  just  below  freezing.  In  stratiform 
rain,  large  snow  flakes  occur  up  to  a  few  hundred  metres 
above  the  melting  level,  but  at  greater  heights,  single  ice 
crystals  are  the  main  constituent.  Dry  snow  has  little  effect  on 
radio  waves  (its  very  low  density  structure  having  an  effective 
permittivity  close  to  unity). 

Hail  is  formed  by  the  accretion  of  supercooled  cloud  droplets, 
giving  rise  to  large,  high  density  particles  of  spherical  (or 
conical)  shape.  Although  the  effective  permittivity  of  hail  is 
larger  than  that  of  snow,  hail  is  only  weakly  attenuating, 
certainly  at  SHF  frequencies. 

Ice  crystals  form  at  high  altitude.  Although  the  attenuation 
effects  are  weak,  they  can  be  important  for  satcom  systems. 
This  is  because  ice  crystals  are  very  non-spherical,  and  so  give 
rise  to  significant  depolarisation  effects.  Ice  crystals  tend  to 
form  either  “plates”  (diameters  teaching  5  mm  in  the  dendritic 
form)  or  “needles”  and  "prisms”  (with  lengths  around 
0.5  mm).  The  relative  importance  of  these  types  varies  with 
temperature.  Computations  of  electromagnetic  sc.i  mg  from 
ice  crystals  often  approximate  their  shapes  by  very  oblate  or 
prolate  spheroids. 
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3.1.4  Melting  layer 

In  stratiform  rain,  partially  melted  snowflakes  exist  in  a  height 
interval  of  about  500  m  around  the  0"C  isotherm.  In  this 
melting  layer,  the  particles  are  large  and  have  a  large  effective 
permittivity  because  of  the  high  water  content.  Due  to  their 
relatively  small  fall  velocity,  they  also  have  a  high  density. 
This  means  that  the  melting  layer  can  produce  very  significant 
scattering  of  electromagnetic  waves.  The  melting  layer  is 
clearly  visible  in  Figure  1.  The  height  of  the  0‘’C  isotherm 
depends  on  latitude  and  season,  ranging  from  4-5  km  at  the 
equator  to  ground  level  at  the  poles. 

On  a  radar  RHI  display,  the  enhanced  backscatter  at  the 
melting  layer  is  sometimes  referred  to  as  the  "bright  band”, 
because  of  its  enhanced  intensity  on  the  radar  screen.  The 
backscatter  from  the  melting  layer  is  typically  10-15  dB 
higher  than  at  heights  immediately  above  or  below  the  layer. 
The  melting  layer  is  even  more  obvious  in  Figure  4.  which 
shows  the  same  RHI  view  as  in  Figure  1 ;  the  difference  is  that 
the  cross-polar  signal  is  displayed  here  (i.e.  the  intensity  of  the 
vertically  polarised  backscatter  return  from  the  rain  cell,  with  a 
horizontally  transmitted  radar  pulse)  rather  than  the  copolar 
signal.  The  large,  non-spherical  particles  and  canting  due  to 
tumbling  in  the  melting  layer  causes  significant  depolarisation 
of  the  backscattered  signal.  Figure  4  gives  a  good  impression 
of  the  variation  that  can  occur  in  the  height  of  the  melting 
layer. 


Figure  4:  Cross-polar  backscatter  from  stratiform  rain 

Above  about  1 5  GHz  the  enhanced  scatter  at  the  melting  layer 
disappears  due  to  non-Rayleigh  scattering  from  the  large 
particles  present.  (Rayleigh  and  non-Rayleigh  scattering  are 
discussed  in  Section  3.2.2). 

Despite  the  high  attenuation  rate  in  the  melting  layer,  the 
integrated  effect  on  a  satcom  link  is  small  because  of  the 
relatively  short  extent  of  the  path  in  the  layer.  However,  in 
climates  where  the  melting  layer  reaches  the  ground,  it  can 
cause  very  significant  attenuation  on  terrestrial 
communications  links. 

3.1.5  Cloud  and  fog 

The  liquid  water  content  of  non-precipitating  clouds  and  fog  is 
low;  it  varies  from  0.05  gm"^  in  stratiform  clouds  to  about 
I  gm"^  in  cumulonimbus,  and  from  0.05  gm  •  -n  medium  fog 
(visibility  of  the  order  of  300  m)  to  0.5  gm  -  in  thick  fog 
(visibility  of  the  order  of  50  m). 


3.2  Physics  of  single  particle  scatter 

When  electromagnetic  energy  propagates  through  a  medium 
containing  an  ensemble  of  particles,  such  as  water  droplets, 
energy  is  removed  from  the  beam  Two  mechanisms  arc 
involved. 

(i)  scatter  removes  energy  trom  the  beam  by  redistributing 
this  energy  in  other  directions; 

(ii)  absorption  removes  energy  from  the  beam  by  conserting 
it  to  heat  (i.e.  the  temperature  of  the  particles  increases) 

The  attenuation  of  the  beam  caused  by  the  combination  o) 
these  two  mechanisms  is  referred  to  as  "extinction"  Thus 
extinction  (and  therefore  both  scatter  and  absorption)  is  the 
quantity  relevant  to  the  attenuation  of  a  communications  or 
radar  signal  due  to  propagc.ion  through  rain.  On  the  other 
hand,  the  calculation  of  rain  clutter  cross  sections,  or  of 
interference  levels  due  to  bistatic  scatter,  are  principally 
concerned  with  the  scattering  of  energy  out  of  the  direct  path, 
although  some  absorption  of  the  scattered  signal  will  also 
occur. 


Although  propagation  through  rain  cells  involses  a  very  large 
number  of  scattere's,  the  total  power  absorbed  or  scattered  by 
the  ensemble  of  rain  drops  in  a  rain  cell  can  be  obtained  by 
summing  ihe  contributions  of  each  individua'  drop 
incoherently.  In  this  section  we  consider  the  basic  physics  of 
single  particle  scattering  and  absorption. 


Consider  a  plane  electromagnetic  wave  with  electric  field 
incident  on  a  particle  The  scattered  field  F  ^  is  related  to  l-f 
by  the  dimensionless  scaiiering  function.  .V(0.(p)  (5|: 


F, 


=  5(0. 0) 


exp(ikr) 

-ikr 


(3l 


r  is  the  radial  distance  from  the  particle  to  the  observation 
point;  0  and  <p  are  the  scattering  angles  in  a  spherical 
coordinate  system  centred  on  the  panicle  with  the  z-axis 
aligned  with  the  direction  of  propagation. 


It  follows  that  the  intensity  of  the  scattered  wave  (defined  as 
the  energy  flux  per  unit  area)  is  related  to  the  incident 
intensity  /.  by; 

_  |5(0.(i»|-  (4, 

*  SCO  '  O  ,  "I  ■» 

Kr" 

A  plot  of  IS(0.iti)l'  as  a  function  of  0  (normalised  to  the  value  in 
the  forward  direction)  gives  the  scattering  diagram  of  the 
particle.  The  forward  scatter  direction  is  0  =  0"  while  the 
backscatter  direction  is  0  =  180". 


It  is  useful  to  define  a  scattering  cross  section  for  the 
particle;  the  total  energy  scattered  in  all  directions  is  equal  to 
the  energy  of  the  incident  wave  falling  on  the  area  C  Cross 
sections  for  absorption  and  extinction  C  „  can  de  defined 
similarly,  and  it  follows  from  the  above  that; 


r  =  r  -i-r 

*-'prt  '-'errt  ^ 


ahs 


(5) 


Discussion  of  the  problem  is  simplified  by  introducing 
dimensionless  quantities; 


The  droplet  sizes  are  also  small  (less  than  100  |im).  For  both 
these  reasons,  the  effect  of  clouds  and  fog  is  negligible  at 
frequencies  below  100  GHz. 


(i)  the  particle  size  is  normalised  by  dividing  it  by  a  multiple 
of  the  wavelength  X.  For  spherical  particles,  the  “size” 
can  be  taken  to  be  the  particle  radius  a.  For  non-spherical 
particles,  the  “size"  is  normally  taken  to  be  the  radius  of 
an  equivolumetric  sphere.  The  most  convenient 
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dimensionless  quaniity,  known  as  the  size  parameter,  x. 
is  defined  by: 

x  =  ka  (6) 

where  k  is  the  wavenumber  (equal  to  2rc/X).  The  size 
parameter  can  be  interpreted  as  the  number  of 
wavelengths  contained  in  the  particle's  circumference 

Note  that  the  particle  radius  is  used  in  scattering  theory, 
while  the  particle  diameter  was  used  in  the  raindrop  size 
distributions.  The  factor  of  two  will  be  unimportant  in  the 
qualitative  discussion,  although  care  needs  to  be  taken  in 
quantitative  calculations. 

(ii)  the  cross  sections  are  normalised  by  dividing  by  the 
geometrical  cross  section  of  the  particle.  For  spherical 
particles  of  radius  a  this  is  iia-.  These  normalised, 
dimensionless,  cross  sections  are  called  efficiency  factors. 
denoted  by  and  for  extinction,  scattering 

and  absorption,  respectivelv: 

Q  =  C/na- 

Obviously: 

Qexi  =Qstu+Quhs  (S' 

It  is  straightforward  to  show  that  the  efficiency  factors  are 
simply  related  to  the  scattering  function  5(0,(p): 


aa=4^{5(0)} 

X' 


Quhs  Qext 


5J{5(0))  denotes  the  real  part  of  the  forward  (0  =  0") 
scattering  function.  The  integral  in  the  expression  for  is 
taken  over  the  whole  4k  solid  angle  surrounding  the  particle. 

For  radar  applications,  we  can  also  define  an  efficiency  factor 
for  backscattering: 

a.,  =4|5(I80")|’  (10) 

This  definition  gives  a  backscatter  cross  section  that  is  greater 
by  a  factor  of  4k  than  the  differential  scattering  cross  section 
for  scattering  into  a  unit  solid  angle  around  the  backscattering 
direction.  The  latter  definition  would  be  more  natural  here, 
and  would  be  consistent  with  the  expression  for  given  in 
eqn  (9).  Unfortunately,  the  traditional  radar  definition  of  cross 
section  is  normalised  differently  from  that  used  in  scattering 
theory.  Further  discussion  of  this  awkward  point  is  given  in  [6, 
page  1211.  Wc  use  the  radar  definition  of  cross  section  in 
eqn  (10). 

u 

i3 

There  is  a  large  literature  on  the  evaluation  of  5(0,(p)  for  'Z 
various  shapes  and  sizes  of  particle.  Here  it  suffices  to 
consider  some  aspects  of  the  classical  problem  of  scatter  from 
a  spherical  particle,  for  which  analytical  solutions  exist. 

Further  details  will  be  found  in  [5,6).  Various  numerical 
methods  have  been  developed  in  recent  years  to  model  scatter 
from  oblate  and  prolate  spheroidal,  and  more  general  shaped, 
raindrops;  these  include  solutions  by  point  matching  [7],  T- 
matrix  methods  [8],  integral  equation  methods  [9]  and 
separation  of  variables  [10];  a  review  of  these  methods  is 
given  in  [I  I], 


In  the  above,  it  has  been  assumed  for  simplicity  that  tiiert  is 
only  a  single  scattering  function  .S(0,(p)  for  a  particle 
However,  the  electromagnetic  field  is  actual!)  a  vector 
quantity:  the  electric  field  vector  lies  in  the  plane 
perpendicular  to  the  direction  of  propagation  and  its  direction 
defines  the  polarisation  of  the  field  Since  there  are  two 
mutually  orthogonal  polarisation  states  (usually  taken  to  be 
horizontal  and  vertical,  or  right  and  left  hand  circular)  .V(0,(p) 
is  actually  a  2x2  matrix.  The  four  components  of  this 
amplitude  scattering  matrix  relate  the  amplitude  of  one 
particular  polarisation  state  of  the  scattered  field  to  one 
particular  polarisation  state  of  the  incident  wive  For  a 
spherical  particle,  this  matrix  is  diagonal,  and  there  is  no 
coupling  between  the  different  polarisations.  There  arc  then 
two  scattering  functions  (5,  and  5,)  to  he  considered,  one  for 
each  polarisation  stale.  The  generic  term  5(0.(p)  will  be  used  in 
the  discussion  below  when  polarisation  effects  are  not 
important. 

The  evaluation  of  5(0.(p)  is  non-trivial  in  general,  even  for  a 
spherical  particle  The  scattering  function  and  the  cross 
sections  depend  on  frequency,  for  two  reasons  (a)the 
refractive  index  of  water  is  frequency  dependent;  ibi  for  a 
given  particle  size,  the  size  parameter  is  a  function  of 
frequency 

3.2.1  Refractive  index  of  water 

Figures  shows  the  deper  '.nee  of  the  refractive  index  n  of 
water  on  frequency  at  a  temperature  of  2()"C  The  high  values 
of  refractive  index  arise  from  the  polar  nature  of  the  water 
molecule.  (The  figures  confirm  the  well-known  fact  that  the 
dielectric  constant  of  water  has  a  value  of  hO  at  low 
frequencies:  the  dielectric  constant  is  equal  to  n-.f  It  is 
important  to  observe  that  n  is  complex:  n  =  9i|nl  -s  i3|n|  The 
peak  in  3[n)  around  20  GHz  can  be  regarded  as  the  22  GHz 
water  vapour  absorption  line  (see  Section  4.1  below)  greatly 
broadened  in  the  liquid  state. 

A  plane  wave  travelling  in  a  medium  of  complex  refractive 
index  n  is  attenuated  as  it  propagates.  The  field  intensity  is 
attenuated  by  a  factor  of  exp(-27t3[n|)  in  travelling  through  a 
depth  of  one  free  space  wavelength.  Thus  in  the  3-3(X)GHz 
range,  the  attenuation  rate  is  greater  than  40  dB/wavclengih 


Frequency  (GHz) 

Figure  5:  Refractive  index  of  water  at  a  temperature  oflCfC 
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foi  rain  at  a  temperature  of  20'r  '.'his  shows  that  wa'  es 
penetrating  raindrops  at  300  GHz  (1  mm  wavelength)  and 
above  are  well-attenuated  within  the  diameter  of  the  drop  This 
condition  is  satisfied  down  to  wavelengths  of  at  least  001  mm. 
but  of  course,  drops  are  transparent  at  optical  frequencies, 
where  3[nl  reaches  a  minimum. 

The  refractive  index  of  water  is  temperature  oependent  At  the 
frequencies  of  interest,  the  effect  of  increasing  temperature  in 
the  range  0  to  30‘'C  is  to  translate  the  real  and  imaginarv- 
refractive  index  curves  to  the  right  along  the  frequency  axis 
This  means  that  below  about  30 GHz,  3[n|  decreases  with 
increasing  temperature,  while  above  30 GHz.  the  opposite  is 
true. 

The  refractive  index  of  ice  is  very  different  from  water  in  the 
liquid  state.  'iRln]  is  very  close  to  1.78  over  the  entire 
frequency  range  shown,  while  at  O'C.  3[nl  falls  from  0.025  at 
3(X)  MHz  to  0.0002  at  300  GHz;  at  -20"C  these  values  are 
about  a  factor  of  5  smaller  Thus  the  attenuation  of  radio 
waves  by  ice  is  very  small. 

3.2.2  Scattering  regions 

The  dependence  of  SlO.tp)  on  particle  size  is  illustrated  in 
Figure  6.  This  shows  the  scattering,  absorption  and  extinction 
efficiencies  as  a  function  of  the  particle  size  parameter.  The 
calculation  was  made  using  the  refractive  index  of  water  at 
3  GHz  (8.86  0.75  i).  Although  the  curves  are  different  for 
particles  with  different  refractive  indices,  the  efficiency  factors 
(or  cross  sections)  for  all  particles  show  the  same  general 
features.  In  particular,  note  that  the  extinction  efficiency  is 
equal  to  the  sum  of  the  scattering  and  absorption  efficiencies, 
in  agreement  wiih  eqn  (8). 

Three  distinct  regions  are  identifiable  in  Figure  6.  and  in  each 
of  these  different  scatter  approximations  may  be  applied  in 
order  to  simplify  the  calculation  of  scattering  cross  sections: 

(i)  for  size  parameters  .i:«  I  the  efficiency  factors  fall  off 
rapidly  with  decreasing  x  (note  the  logarithmic  scales); 
this  is  the  Rayleigh  scattering  region; 

(ii)  for.i»  1 .  the  efficiency  factors  are  independent  of  this 
is  the  optical  region; 


10.0  : 
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Figure  6:  Efficiency  factors  for  extinction,  f  cattering  and 
absorption,  illustrating  the  different  scattering  regions 
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Figure  7:  Si:e  parameter  as  a  function  of  particle  radius 
and  frequency 


(iii)  for  intermediate  sizes  of  .r.  the  behaviour  of  the  efficiency 
factor  is  complicated;  this  is  the  resonance,  or  Mie 
scattering,  region. 

The  efficiency  factor  curves  and  the  scattering  regions  of 
Figure  6  should,  strictly  spealcing.  be  interpreted  in  terms  of 
varying  panicle  size  at  a  fixed  frequency  or  wavelength,  and 
not  as  a  function  of  frequency  for  a  fixed  panicle  size.  This  is 
because  the  calculations  have  been  performed  for  a  specific 
value  of  refractive  index,  which  is  frequency  dependent. 
However,  a  graph  of  efficiency  factor  as  a  function  of 
frequency  does  show  the  same  scattering  regions  as  in 
Figure  6.  and  the  .same  general  principles  apply. 

In  order  to  relate  Figure  6  to  actual  raindrop  sizes  and 
frequencies  of  interest.  Figure  7  gives  the  size  parameter  as  a 


4.0  - 


Particle  radius  (mm) 

Figure  8:  Extinction  efficiencies  as  a  function  of 
particle  radius  and  frequency 
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tunclion  of  particle  radius  and  frequency. 

It  is  seen  that  at  the  lower  SHF  frequencies  (3-10 GH/l  all 
raindrop,  cloud  and  fog  particle.s  have  size  parameters  less 
than  1 ,  and  scattering  is  entirely  in  the  Rayleigh  region.  On  the 
other  hand,  at  EHF  frequencies,  the  larger  raindrops  lie  in  the 
Mie  scattering  region,  although  the  smaller  raindrops,  and 
cloud  and  fog  partie'es,  can  still  be  described  by  Rayleigh 
scattering. 

This  is  further  illustrated  in  Figure  8,  where  the  extinction 
efficiency  curves  are  given  at  3,  30  and  300  GHz.  In  this 
Figure,  the  efficiency  factor  is  shown  on  a  linear  scale  to 
emphasise  the  variations  in  the  resonance  region. 

3.2.3  Rayleigh  scattering  region 

We  have  seen  that  the  Rayleigh  scattering  region  is  the  most 
important  one  at  the  frequencies  of  interest.  Rayleigh 
scattering  is  named  after  Lord  Rayleigh  who  wrote  a  seminal 
paper  in  1871  [I2|  which  explained  (among  other  things)  the 
reason  for  the  blue  colour  of  the  sky  in  terms  of  light 
.sc.attering.  Although  Rayleigh's  derivation  only  applied  to 
non-absorbing  particles,  the  name  is  now  applied  generally  to 
all  small  particle  scattering. 

If  a  particle  is  much  smaller  than  the  wavelength  of  the 
incident  electromagnetic  field,  the  field  can  be  considered 
uniform  and  static  (that  is,  it  has  a  constant  value)  throughout 
the  volume  of  the  particle  (Strictly  speaking,  this  requires  that 
|ri|  V  «  1  as  well  as  .t  «  I  to  exclude,  for  example,  the  case  of 
significant  absorption  across  the  diameter  of  a  .single  drop,  and 
the  Rayleigh  region  is  normally  defined  by  these  two 
conditions.)  This  field  induces  a  dipole  moment  m  the  particle 
proportional  to  the  magnitude  of  the  incident  field,  and  the 
particle  re-radiates  like  a  dipole  antenna.  The  scattering 
function  for  this  dipole  radiation  is: 

.V(0)  =  i<,'a /(O)  (II) 

where  a  Is  the  polarisuhilin  of  the  particle,  which  for  a 
spherical  particle  of  radius  a  and  refractive  index  ;i  is: 
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Figure  9:  Rayleigh  scallering  diagram  for  perpendicular 
and  parallel  polarisation 
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ir  +2 

f(6)  gives  the  variation  of  .ViO)  with  scattering  angle  and 
pends  on  polarisation. 

In  the  plane  perpendicular  to  the  direction  of  polarisation  (for 
example,  in  the  horizontal  plane  for  a  vertically  polarised 
wave),  yi6)=  I.  while  in  the  plane  parallel  to  the  plane  of 
polarisation.  flS)  =  cos  9.  characteristic  of  dipole  r.idiauon 
The  scattering  diagram  (|.V(0)|-  normalised  lo  the  forward 
direction)  is  given  in  Figure  9.  Note  the  null  at  90"  for  parallel 
polarisation.  This  means,  for  example,  that  a  horizontally 
polarised  emission  will  be  much  less  delectable  than  a 
vertically  polarised  one  by  a  receiver  on  a  path  at  right  angles 
to  the  direction  of  propagation  and  which  is  coupled  to  the 
emitter  by  rain  scatter,  assuming  that  Rayleigh  scattering 
dominates 

From  eqns(9)  and  (10)  it  is  a  cimplc  matter  to  derive 
efficiency  factors  which  are  valid  to  .cading  order  in  the  size 
parameter  .v: 


CL  =4v3(n) 


=  4r3(«)  ll3) 

y...>  = 

.  -  1 

>1  --  — - 

ir  +  2 

These  expressions  arc  very  simple,  but  have  important 
consequences: 

•  to  leading  order  in  .v.  and  vary  as  .v^  while 
and  (3^^,  vary  as  .v.  This  means  that  the  scattering  cross 
.sections  arc  alway.v  negligible  compared  to  the  absorption 
cross  section  tor  sufficiently  small  values  of  .v  although, 
for  a  weakly  absorbing  particle  (one  for  which  3oi)  is 
very  small),  this  asymptotic  behaviour  may  not  occur 
until  very  small  values  of  .v.  However.  Figure  6  shows 
that  absorption  does  dominate  over  scauering  at  .SHF 
frequencies 

•  is  equal  to  This  is  only  true  lo  leading  order. 

Since  (eqn(8l).  there  must  be 

differences  at  higher  orders  in  .t;  a  proper  treatment  of 
these  higher  order  terms  requires  Mie  theory  (see  below). 

•  the  expressions  for  and  appear  to  show  that  the 
backscattcr  cross  section  is  greater  than  the  total 
.scattering  cross  section!  This  apparent  paradox  is  due  to 
the  different  (radar)  normalisation  used  in  Q|^^  compared 
to  the  other  efficiency  factors. 

The  scattering  efficiencies  are  proportional  to  .v^  If 
(n'-l)/(n3+2)  is  a  weak  function  of  frequency  over  a  band  of 
interest,  this  leads  to  an  important  conclusion:  the  Rayleigh 
scattering  cross  sections  (total  and  backscatter)  of  a  spherical 
particle  (which  are  obtained  from  the  scattering  efficiencies  by 
multiplying  by  the  particle’s  physical  cross  section  tta’)  are 
proportional  to  the  sixth  power  of  the  particle’s  diameter  and 
inversely  proportional  to  the  fourth  power  of  wavelength.  This 
simple  observation  leads  to  the  following: 


.V.y.  iv 

NATO  OTAN 
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•  because  of  the  i)*’  dependence  on  rain  drop  diameter  O. 
the  small  number  of  large  drops  in  a  distribution  of 
different  sizes  will  contribute  most  to  the  scattered  signal. 

•  if  radiation  comprising  a  hand  of  frequencies  is  incident 
on  a  distribution  of  particles  which  are  small  compared  to 
the  wavelength,  the  shortest  wavelengths  are  scattered 
most — this  is  precisely  the  case  for  white  light  scattered 
by  dust  particles  in  the  atmosphere,  and  explains  why  the 
colour  of  the  sky  (seen  by  scattered  light)  is  blue. 

Consideration  of  the  quantity  n  =(nM)/(n^+2)  in  eqn(l3) 
shows  an  important  difference  between  the  properties  of  water 
and  ice: 

•  |rij'  for  both  water  and  ice  is  approximately  constant 
throughout  the  .SHF/EHF  range,  with  a  ratio  between  the 
two  of  about  5.  For  similarly  sized  par  icles.  therefore, 
the  scatter  and  backscatter  cross  sections  of  water  and  ice 
are  of  the  same  order  of  magnitude. 

•  the  value  of  3(n  )  for  water  increases  with  frequency, 
while  that  of  ice  decreases  with  frequency  throughout  the 
SHF/EHF  range,  the  value  for  ice  being  between  one  and 
four  orders  of  magnitude  smaller  than  for  water.  Thus  the 
absorption  and  extinction  cross  sections  for  ice  are  much 
smaller  than  for  water. 

The  practical  consequence  is  that  while  the  ice  above  the 
melting  layer  may  appear  as  "bright”  as  the  rain  below  the 
layer  on  a  meteorological  radar  (seen  in  backscatter).  the  ice 
will  not  contribute  significant  attenuation  on  a  satellite  path, 
and  only  the  attenuation  on  the  path  below  the  melting  layer 
need  be  considered. 

3.2.4  Optical  scattering  region 

The  optical  region  is  so-called  because  the  method  of 
geometrical  optics  can  he  used  to  obtain  the  extinction  and 
scattering  efficiencies,  and  the  angular  distribution  of  the 
scattered  electromagnetic  field.  At  SHF  and  EHF  frequencies, 
hydrometeor  particle.s  are  never  sufficiently  large  for  .scattering 
to  be  truly  optical  (see  Figure  8).  and  the  optical  region  need 
not  be  discussed  in  detail.  Scattering  of  light  by  rain  drops 
occurs  in  the  optical  region. 

The  most  obvious  fact  about  the  optical  region  -s  that  the 
extinction  efficiency  approaches  the  limiting  value  2  as  the 
size  parameter  increases  (see  Figure  6). 

lim  (/„,  (x,n)  =  2  (14) 

Thus  the  extinction  cross  section  is  twice  the  geometrical  cross 
section  of  the  particle.  This  appears  paradoxical  since  in  the 
optical  limit  a  particle  is  expected  to  act  as  an  opaque  screen, 
removing  an  amount  of  energy  from  the  incident  field  equal  to 
the  intensity  of  the  field  times  the  geometrical  cross  section  of 
the  particle. 

The  explanation  is  that  diffraction  at  the  edge  of  the  particle 
(which  is  not  taken  into  account  in  geometrical  optics) 
removes  an  additional  amount  of  energy  from  the  forward 
direction  exactly  equal  to  the  geometrical  cross  section.  Care 
needs  to  be  taken  in  interpreting  this  result.  Most  of  the  energy 
diffracted  out  of  the  forward  direction  is  confined  within  a 
narrow  cone  of  half  angle  igslO/xr  about  the  forward 
direction.  Only  if  the  acceptance  angle  of  the  detector  of  the 
scattered  energy  (i.e.  the  beamwidth  of  the  receiver  at  RF 
frequencies)  is  much  less  than  this  half  angle  (say. 

<  I  /  2jt )  will  the  full  extinction  in  the  forward  direction 
be  realised.  With  larger  acceptance  angles  the  measured  value 


of  will  tend  to  I  since  the  diffracted  energy  will  be 
captured  by  the  detector. 

The  angular  distribution  of  scattered  energy  can  be  obtained 
by  tracing  geometrical  "rays”  through  the  particle,  taking 
account  of  transmissions  and  multiple  reflections.  A  graph  of 
the  scattering  function  as  a  function  of  scatter  angle  0  will 
have  sharp  peaks  corresponding  to  the  directions  at  which  rays 
exit  the  particle  after  0,  1,  2,  ...  internal  reflections  This 
behaviour  is  very  different  from  the  behaviour  in  the  Rayleigh 
region,  where  the  scattering  function  is  either  constant  or 
various  smoothly  as  a  function  of  0  (Figure  9).  The  best 
illustration  of  this  effect  is  the  rainbow,  caused  by  reflections 
of  sunlight  by  rain  drops:  the  primary-  bow  is  formed  by  rays 
that  have  undergone  a  single  internal  reflection,  while  the 
secondary  bow  is  formed  by  rays  that  have  undergone  two 
internal  reflections.  The  colours  of  the  rainbow  are  due  to  the 
refractive  index  of  the  water  varying  slightly  with  the 
wavelength  of  the  light,  giving  rise  to  slightly  different 
reflection  angles  for  the  different  colours. 

3.2.5  Mie  scattering  region 

The  Mie  region  is  the  most  complex  to  model.  Because  the 
particle  size  is  comparable  with  the  wavelength,  resonances 
occur  within  the  particle:  these  are  evident  in  the  oscillatory 
portions  of  Figure  8.  (The  oscillations  are  strongest  at  3  GHz 
where  the  phase  angle  of  the  refractive  index  is  smallest.)  The 
problem  was  formally  solved  by  Mie  in  1908  [13]  by 
expanding  the  ircideii:  and  scattered  fields  in  terms  of 
spherical  harmonics  ane  applying  Maxwell's  equations. 

Computer  programs  :ire  available  for  the  rapid  evaluation  of 
Mie  scattering  on  desk  top  computers  (for  example,  see  [6]). 
Because  these  implement  a  rigorous,  numerical  solution  to  the 
problem,  they  give  results  in  the  Rayleigh  and  optical  regions 
as  well.  However,  a  separate  treatment  of  these  regions  is 
worthwhile,  as  it  gives  more  physical  insight  into  the  problem, 
and  the  approximate  formulae  arc  often  adequate  and 
preferable  to  a  numerical  solution. 


Scattering  angle 

Figure  10:  Mie  scattering  diagram  for  perpendicular 
and  parallel  polarisation 
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An  example  of  the  angular  distribution  of  scattered  energy  is 
shown  in  Figure  10,  for  a  1  mm  diameter  spherical  ice  particle 
at  300  GHz  (although  recall  that  ice  particles  are  generally 
very  non-sphericai).  Note  the  dominance  of  forward  scatter, 
and  the  "sidelobes”  in  the  .scatter  pattern,  compared  to  the 
Rayleigh  region  (Figure  9).  More  and  more  of  the  scattered 
energy  becomes  concentrated  in  the  forward  direction  as  the 
size  parameter  increases. 

3.3  Attenuation  and  scatter  from  distributions  of  particies 

The  combined  effect  of  all  the  raindrops  in  the  rain  cell  is 
obtained  by  incoherently  summing  the  contribution  of  each 
drop,  taking  account  of  the  incident  field  at  each  drop,  and  the 
(empirically  measured)  statistical  distribution  of  particle  sizes 
in  the  cell.  This  is  possible  because  each  drop  scatters 
independently  of  the  others,  and  (at  least  in  the  frequency 
range  of  interest  here)  the  effects  of  multiple  scattering  are 
small. 


Recall  that  the  drop  size  distribution  function  N(D)  is  defined 
such  that  N(D)dD  is  the  number  of  drops  per  cubic  metre  with 
drop  diameters  between  D  and  D  +  dD.  The  scattering  and 
attenuating  effect  of  a  distribution  of  particles  can  therefore  be 
expressed  in  terms  of  scattering  and  extinction  cross  sections 
per  unit  volume  as: 

C‘ =jC(D)  N{D)dD  (15) 

where  C(0)  has  been  used  to  denote  a  cross  section  for  a 
particle  with  diameter  D  and  the  integration  is  taken  over  all 
D.  The  superscript  d  is  used  to  indicate  that  the  cross  sections 
are  per  unit  volume  of  the  distribution. 


When  Rayleigh  scattering  dominates,  a  simple  relationship 
exists  between  the  cross  sections  C(D)  and  the  particle 
diameters  D  (eqn  (13)).  In  terms  of  the  practical  quantities  q, 
(the  radar  scatter  cross  section  per  unit  volume,  related  to 
or  and  7^  (the  attenuation  rate  in  dB/km,  related  to  C^J. 
eqn  ( 15)  shows  that. 


I-  “  f‘\"t \d''  NiD'dD 
7,  ~/3(n)jD’  NiD)dD 


(16) 


where  only  terms  depending  on  D  and  the  frequency  /  have 
been  retained. 


The  rainfall  rate  R  (in  mm/hr)  is  also  expressible  as  an  integral 
over  the  drop  size  distribution: 

Roc  jv(£))  D’ /V(D)dD  (17) 

where  V(D)  is  fall  velocity  for  a  particle  of  diameter  D. 

Since  simple  analytical  forms  for  the  drop  size  distribution 
N(D)  exist  (see  Section  3.1.2),  and  the  form  of  V{D)  is  known, 
eqns  (16)  and  (17)  enable  relationships  to  be  derived  relating 
the  propagation  quantities  and  to  the  rainfall  rate  R. 
Many  (hundreds)  of  such  relationships  have  appeared  in  the 
literature  (each  differing  slightly  in  the  distributions  assumed, 
or  in  the  empirically  determined  constants  used),  but  one  of 
the  most  widely  used  forms  is: 

q.  ,Y,  =aR*  (18) 

(the  a  and  b  are  of  course  different  for  q,  and  and  they  also 
depend  on  frequency  through  the  /  and  n  -dependent  terms  in 
eqn  (16)).  This  form  is  used  in  the  practical  attenuation  and 
.scatter  models  described  below. 


3.4  System  implications 

The  principal  cause  of  rain-induced  system  degradation  on  a 
communications  link  is  fading  due  to  rain  attenuation:  this 
reduces  the  wanted  signal  level,  and  decreases  the  available 
system  margin.  The  margin  can  be  reduced  further  if 
interference  is  received  from  unwanted  signals,  reducing  the 
signal-to-interference  ratio  of  the  link;  this  can  be  caused  by 
scatter  from  rain  cells  common  to  both  the  wanted  and 
unwanted  signal  paths.  Incoherent  interference  from  a 
broadband  digital  signal  effectively  increases  the  noise  Boor  of 
the  receiver. 


of  radar,  rain  attenuation  is  still  important 
more  significant  problem  is  the  effect  of 
Irom  rain  cells  lying  on  the  path  between  the  radar 
and  the  target.  This  rain  clutter  can  significantly  reduce  the 
probability  of  detection  of  a  target. 

For  communications  links  and  radar  systems  alike,  rain  can 
compromise  the  security  of  the  system.  Bistatic  scattering  from 
rain  cells  located  within  the  antenna  beam  of  the  radio  or  radar 
antenna  may  be  detectable  by  a  surveillance  receiver  with  an 
antenna  beam  which  also  illuminates  the  rain  cells,  giving  rise 
to  an  increased  probability  of  intercept. 

A  complete  assessment  of  system  performance  should,  of 
course,  include  other  sources  of  propagation  degradation  as 
well  as  hydrometeors  Gaseous  absorption  is  discussed  below  . 
Clear-air  effects  (such  as  multipath  and  ducting)  are  discussed 
elsewhere, 

3.5  Statistical  prediction  methods 

So  far  the  discussion  has  been  mainly  concerned  with  the 
basic  physics  of  scatter  from  a  single  particle  or  distribution  of 
particles.  In  most  practical  cases  where  a  prediction  of  rain 
attenuation  or  scatter  is  required,  detailed  information  on  the 
structure  of  the  rain  causing  the  system  degradation  will  not  be 
available.  This  is  panicularly  true  at  the  system  design  stage. 
In  this  case,  the  interest  is  not  in  how  much  attenuation  or 
scatter  will  there  be  on  a  particular  link  at  a  particular  time, 
but  rather  in  the  operational  reliability  of  the  proposed  link. 

The  effect  of  propagation  on  the  degradation  of  system 
performance  is  normally  expressed  statistically  in  terms  of  the 
probability  (or  more  specifically,  the  percentage  of  the  time) 
that  a  given  attenuation  loss  or  scattered  signal  level  will  be 
exceeded.  For  high  availability  systems,  an  outage  of  0  01%  or 
even  0.001%  of  the  time  may  be  significant;  high  capacity 
satcom  systems  may  be  considered  to  be  in  this  category.  On 
the  other  hand,  some  systems  (such  as  radar  systems  and  field 
communications)  may  be  able  to  tolerate  higher  levels  of 
outage,  perhaps  as  high  as  0.1%  or  1%.  and  are  considered  to 
be  low  availability  systems.  In  any  case,  the  basic  statistic  is 
the  cumulative  probability  distribution  of  some  reliability 
measure  obtained  from  (or  predicted  by  models  based  on) 
long-term  results.  Because  the  occurrence  and  intensity  of  rain 
varies  on  a  seasonal  basis,  and  because  there  is  also  significant 
year-to-year  variability,  “long-term"  in  this  context  means  a 
period  of  several  years.  Statistics  derived  on  this  basis  are 
usually  referred  to  as  “long-term  average  annual”. 

If  statistical  predictions  are  required  for  a  link  that  is  to  be 
established  for  only  a  short  period,  average  annual  statistics 
may  not  be  very  useful.  An  alternative  is  to  obtain  monthly 
statistics  for  the  location  of  interest;  that  is.  cumulative 
distributions  based  on  data  for  a  given  calendar  month, 
averaged  over  a  period  of  several  years.  In  particular  the 
concept  of  the  “worst-month”  (the  calendar  month  that  gives 
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the  worst  system  degradations)  has  proved  useful  as  a  means 
of  accounting  for  annual  variations  in  the  weather  A 
procedure  for  converting  between  average  annual  and  worst- 
month  statistics  is  given  in  [14],  However,  it  is  important  to 
note  that  year-to-year  variations  can  be  large,  and  any 
statistical  prediction  must  be  interpreted  with  care  if  it  is  to  be 
used  in  the  planning  of  links  of  short  duration. 


For  reference,  the  time  periods  corresponding  to  various  time 
percentage  of  the  year  and  the  month  are  given  below 
(d  =  day.  h  =  minute,  m  =  minute  and  s  =  second): 


Percentage  of: 

0.1% 

0.01% 

0.001% 

Year 

3.6  d 

8.8  h 

53  m 

5.3  m 

Month 

7.2  h 

43  m 

4.3  m 

26  s 

In  the  civil  sector,  the  need  for  planning  of  communications 
systems  (both  for  reliability  and  for  the  frequency  planning 
and  coordination  of  systems  sharing  the  same  frequency 
bands)  has  led  the  ITU-R  (formerly  known  as  the  CCIR)  to 
recommend  statistical  prediction  procedures  for  the  use  of 
Administrations.  These  planning  procedures  are  based  on 
physical  principles,  but  often  incorporate  semi-empirical 
parameters  that  describe  the  statistical  characteristics  of  the 
meteorology  of  the  different  regions  of  the  world.  These 
parameters  are  derived  from  extensive  sets  of  data  collected 
over  many  years  from  operational  links  and  experimental 
campaigns. 

Practical  prediction  method.s,  based  mainly  on  the  relevant 
ITU-R  Recommendation,  are  given  in  the  following  sections. 

3.6  Practical  attenuation  models 

Despite  the  large  variability  of  rainfall  types  encountered  even 
within  a  single  climate,  it  has  been  found  that  a  few  readily 
obtainable  parameters  concerning  the  rainfall  pattern  at  a 
given  location  are  sufficient  for  practical  attenuation  models. 
These  include: 

(i)  the  rainfall  rate  distribution  at  the  ground,  which 
describes  the  amount  and  relative  proportions  oi  high  and 
low  intensity  rain; 

(ii)  the  effective  rain  height,  defined  by  the  0”  isotherm, 
above  which  attenuation  is  negligible; 

(iii)  a  path  reduction  factor  to  account  for  the  limited 
horizontal  extent  of  rain  cells. 

The  relevant  ITU-R  recommended  procedure  for  attenuation 
due  to  hydrometeors  are  given  in  Rec  530  {15]  for  terrestrial 
line-of-sight  systems,  and  in  Rec  618  (16)  for  Earth-space 
systems.  The  models  are  based  on  the  expression  for  the  path 
attenuation  A  (in  decibels)  in  terms  of  the  specific  attenuation 
of  rain  (dB/kra)  and  an  effective  path  length  (km): 

^  =  (19) 

The  calculation  of  d^^  and  the  method  used  to  obtain  results  at 
various  time-percentages  differ  for  terrestrial  and  Earth-space 
paths.  However,  the  calculation  of  is  common  to  both 
methods  and  is  given  first. 

The  specific  attenuation  due  to  rain  y^,  (dB/km)  is  obtained 
from  the  rain  rate  R  (mm/hr)  using  the  power-law  relationship 
of  eqn  ( 1 8): 

=  (20) 

The  frequency-dependent  coefficients  a  and  h  have  been 
obtained  from  scatter  calculations  and  assumed  drop  size 
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1  10  100  KXk) 

Frequency  (GHz) 

Figure  1 1 :  Coefficients  required  for  estimating  the 
specific  attenuation  due  to  rain 

di.slribulions  (17].  They  are  given  graphically  in  Figure  11. 
Both  a  and  b  are  polarisation  dependent  (because  of  the 
tendency  of  large  raindrops  to  be  oblate  spheroidal,  rather  than 
spherical,  in  shape),  the  values  for  horizontal  polarisation 
being  slightly  larger  than  those  for  vertical  polarisation;  the 
differences  are  small  (the  two  curves  for  a  being 
indistinguishable  in  Figure  1 1 )  and  can  be  ignored  for  most 
purposes;  if  needed,  the  coefficients  for  horizontal,  vertical 
and  circular  polarisation  can  be  obtained  from  [17], 

It  is  clear  from  the  graph  of  a  that  for  a  given  rain  rate,  the 
attenuation  rate  increases  rapidly  with  frequency  up  to  around 
100  GHz  (since  at  these  frequencies,  Rayleigh  scattering 
dominates);  above  this,  both  a  and  b  vary  only  slowly,  and  the 
attenuation  rate  is  almost  independent  of  frequency  above 
100  GHz  (where  the  large  particles  that  dominate  attenuation 
lie  in  the  Mie  scattering  region). 

Table  2  shows  the  attenuation  rates  evaluated  at  specific 
frequencies  for  various  rain  types  (horizontal  polarisation). 
Although  the  figures  appear  quite  low  at  10  GHz  and  below,  it 
should  be  noted,  for  example,  that  the  belt  of  moderate  to 
heavy  rain  ahead  of  a  warm  front  can  extend  for  100  km  or 
more  (see  Figure  (2))  and  this  can  very  significantly  reduce  the 
detection  ranges  of  radars  operating  around  10  GHz. 

For  clouds  or  fog  consisting  entirely  of  small  droplets 
(generally  less  than  100  |im),  the  Rayleigh  approximation  is 
valid  and  the  specific  attenuation  (dB/km)  can  be  expressed 
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Frequency  (GHz) 

3 

10 

30 

100 

Light  rain  ( 1  mm/hr) 

<0.01 

0.01 

0.2 

II 

Moderate  rain  (5  mm/hr) 

<0.01 

0.08 

1.0 

3.7 

Heavy  rain  (25  mm/hr) 

<0.01 

0.6 

5.0 

12.2 

Intense  rain  (100  mm/hr) 

0.04 

3.6 

20,6 

34.3 

Table  2:  Specific  attenuation  (dB/km)  for  rain 

in  terms  of  the  liquid  water  content  of  the  cloud  or  fog  per  unit 
volume  Af  (g/m3)  [18]: 


7,  =  a:,  W 


(21) 


The  specific  attenuation  coefficient  A",  (given  in  units  of 
dB/km  per  g/m’)  is  temperature  dependent,  and  is  shown  in 
Figure  12  for  temperatures  of  0‘'C  and  20"C.  The  0"C  curve 
should  be  used  for  cloud.  The  liquid  water  content  of  fog  is 
typically  about  0.05  gm^^  for  medium  fog  (300  m  visibility) 
and  0.5  gm  '  for  thick  fog  (50  m  visibility). 


Frequency  (GHz) 

Figure  12:  Specific  attenuation  by  water  droplets 
in  cloud  and  fog 

Eqn(19)  together  with  eqns  (20)  or  (21)  could  be  used  for 
deterministic  predictions  of  rain  attenuation  if  the  actual  rain 
rate  and  the  path  length  through  the  rain  were  known.  This  is 
unlikely  to  be  so,  however,  and  in  any  case  the  rain  rate  and 
the  extent  of  the  rain  cells  along  the  propagation  path  is  likely 
to  be  very  variable.  For  this  reason,  the  effective  path  length 
d^^is  normally  considered  to  be  a  statistical  parameter,  and  the 
long  term  cumulative  distribution  of  rain  fading  are  derived 
from  the  0.0 1  %  rain  rate. 


r/.„  =  ■ 


I 


l+d/d„ 


(23) 


The  quantity  z/,,  is  a  rain  rate  dependent  factor  that  accounts  for 
the  fact  that  more  intense  rainfall  is  likely  to  occur  in  smaller 
rain  cells: 


d„  =  35exp(-0.015«,„ 


(24) 


In  this  expression,  the  value  of  should  be  limited  to  a 
maximum  of  100  mm/hr;  d^,  is  given  in  km 

Figure  13  shows  the  effective  path  length  as  a  function  of  the 
actual  path  length  for  various  values  of  The  reduction  is 
seen  to  be  quite  significant,  and  at  the  higher  rain  rates  the 
effective  path  length  is  almost  constant  and  independent  of  the 
actual  path  length. 
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Figure  13:  Effective  path  lengths  for  various  O.OlVr  rain  rates 

Once  A, 1 1,1  has  been  estimated,  the  level  of  attenuation 
exceeded  for  any  other  time  percentage  p  (and  hence  the 
cumulative  distribution  of  rain  fading)  within  the  range  \%  to 
0.001%  can  be  deduced: 


Figure  14  shows  this  scaling  factor  graphically. 


(25) 


Note  that  the  values  of  attenuation  A  calculated  above  refer  to 
a  one-way  path.  These  values  should  be  doubled  in  the  case  of 
a  radar  itwo-way  path). 


3.6.1  Terrestrial  links 

The  first  step  in  calculating  the  cumulative  distribution  of 
attenuation  is  to  obtain  the  level  of  path  attenuation  exceeded 
for  0.01%  of  the  time  (in  decibels)  from  eqns  (19)  and 
(20): 

(22) 

The  0.01  m  rate  /f,,,,,  should  be  taken  from  local  sources 
of  long  ici.i.  measurements  if  available;  otherwise  it  can  be 
taken  fro.n  global  climatic  maps  given  in  [2|.  (See  also 
Section  3.1.1). 

The  effective  path  length  d^g  is  obtained  from  the  actual  path 
length  d  by  means  of  a  reduction  factor  that  accounts  for  the 
fact  that  the  longer  the  path,  the  less  likely  it  is  for  the  path  to 
be  filled  with  rain: 


Time  percentage,  p  (%) 
Figure  14:  Scaling  factor  A^t  A,,,,, 


The  prediction  procedure  is  considered  to  be  valid  in  all  parts 
of  the  world  at  least  for  frequencies  up  to  40  GHz  and  path 
lengths  up  to  60  km. 


5 


3.6.2  Earth-space  Unk5 

The  prediction  procedure  relevant  to  satcom  links  is  similar  to 
that  for  terrestrial  links,  but  is  complicated  by  the  fact  that  an 
elevated  path  through  the  atmosphere  will  experience  a  variety 
of  rain  types  at  different  heights  in  the  atmosphere.  The 
geometry  is  shown  in  Figure  15.  Since  attenuation  by  ice 
particles  is  very  low,  the  height  of  the  0"C  isotherm  effectively 
defines  the  maximum  height  at  which  rain  attenuation  occurs. 

Statistically,  the  mean  effective  rain  height  (in  km)  can  be 
taken  to  be  simply  a  function  of  latitude  $,  as  shown  in 
Figure  16.  (This  curve  is  not  quite  the  same  as  the  0"C 
isotherm  curve,  as  some  corrections  have  been  included  to 
take  account  of  the  different  rain  types  at  different  latitudes.) 


Given  the  effective  rain  height  and  the  station  height  above 
mean  sea  level  (in  km)  the  slant  path  length  below  the  rain 
height  (in  km)  can  be  calculated  from  simple  straight  line 
geometry  for  satellite  elevation  angles  0  greater  than  5".  Below 
this  angle,  a  correction  for  refractive  bending  should  be 
included: 
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2(K-h.) 


sin’  9  + 


R. 


9  >5° 


9  <5° 


(26) 


+  sin9 


/?,  is  the  effective  Earth  radius,  which  can  be  taken  to  be 
8500  km. 


attenuation  exceeded  for  any  other  time  percentage  />  w  ithin 
the  range  1%  to  O.OOl^J-  from  eqn  (25)  as  before 

The  methods  of  this  section  can  also  be  used  to  estimate  the 
rain  attenuation  loss  on  a  path  between  a  radar  with  elevation 
angle  0  and  an  airborne  target.  The  attenuation  values  should 
be  doubled  (for  a  two-way  path).  Note  that  the  calculation  of 
t,  given  in  eqn  (26)  is  only  appropriate  if  the  target  lies  above 
the  rain  height;  otherwise  should  be  taken  simply  as  the 
radar-target  distance. 

3.7  Practical  scatter  models 

The  effect  of  rain  .scatter  on  a  radar  or  communication  system 
is  determined  by  the  bistatic  radar  equation.  The  power  P,'"' 
received  by  scatter  from  a  target  (located  at  a  distance  d,  from 
the  receiver)  is  related  to  the  power  emitted  by  the 
transmitter  (at  a  di.stance  d,  from  the  target)  by: 


The  effective  path  length  d^^^  is  obtained  from  the  slant  path 
length  t,  by  means  of  a  reduction  factor  in  a  similar  fashion  to 
the  terrestrial  path  calculation  (eqn  (23)): 
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I  -t-  L  cos0/d, 


(27) 


pu.u 


^  cfi}: 

'  (47l)'d;d,‘ 


(2S) 


C,  and  G,  are  the  transmitter  and  receiver  antenna  gains,  K  is 
the  wavelength,  and  o  is  the  target  cross  section.  For  a  nr-mal 
monostatic  radar,  d^  =  d^  and  C,  =  G^. 


The  cos 9  factor  gives  the  horizontal  projection  of  the  slant 
path  length;  d^  is  the  same  factor  as  for  terrestrial  paths 
(eqn  (24)). 

The  level  of  path  attenuation  exceeded  for  0.01%  of  the  time 
can  now  be  calculated  from  eqn  (22).  and  the  level  of 


Figure  15:  Earth-space  satellite  path  geometry 


In  the  case  of  scattering  from  rain,  a  is  obtained  by  integrating 
T)^  (the  radar  cross  section  per  unit  volume)  over  the  volume  of 
the  rain  cells  falling  within  the  beam  of  the  radar  or  radio 
antenna.  Strictly,  this  integration  should  also  include  the  C 
and  d  terms  in  eqn  (28)  if  these  vary  significantly  over  the 
scatter  volume.  However,  it  is  often  a  good  approximation  to 
write  simply; 

CT  =  n,  V'  (29) 

where  V  is  the  scatter  volume  as  defined  by  the  extent  of  the 
rain  cells  and  the  antenna  beam  geometry. 

V'  can  be  quite  difficult  to  determine  accurately.  At  short 
ranges  from  a  radar.  V  will  be  defined  by  the  radar  resolution 
cell,  which  is  c  roximately  by: 

(30) 

where  9^  and  0^  are  the  horizontal  and  vertical  beamwidths  of 
the  radar  antenna,  t  is  the  radar  pulse  duration,  and  c  is  the 
velocity  of  light.  At  longer  ranges,  or  in  intense  rainfall,  V  will 
tend  to  be  limited  by  the  horizontal  and  vertical  extent  of  the 
rain  cell  rather  than  the  radar  resolution  cell. 
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3.7.1  Clutter 

Backscattering  of  radar  signals  from  rain  gives  rise  to  rain 
clutter.  In  the  Rayleigh  region  (which  applies  at  SHF  and  the 
lower  EHF  frequencies),  the  radar  scatter  cross  section  per 
unit  volume  ri^  is  proportional  to  the  fourth  power  of 
frequency  and  the  sixth  power  of  raindrop  diameter  (eqn  (16)), 
while  V  depends  on  the  extent  of  the  rain  cells  and  the  antenna 
beamwidth.  Thus 

•  clutter  is  much  more  significant  at  higher  frequencies: 
the  clutter  cross  section  at  I0GH^  is  over  100  times 
that  at  3  GHz, 

•  the  clutter  return  is  dominated  by  the  relatively  small 
number  of  large  drops  in  the  rain  cell.  Heavy  rain  gives 
a  strong  return  because  it  contains  larger  particles  than 
light  rain.  In  particular,  returns  from  fog  are 
insignificant  at  frequencies  less  than  10  GHz. 

•  clutter  is  less  of  a  problem  for  a  radar  using  a  narrow 
beam  anrl  short  range  gates. 

The  radar  cross  section  (RCS)  of  rain  clutter,  a .  (expressed  in 
decibels  relative  to  1  m-,  dBsm)  can  be  estimated  from  the 
expression: 

l()log,„a  =-22-l-40log,„/-^■l6log,„/f-^l0log,„^'  (31) 

where  the  frequency  /is  in  GHz,  the  rainfall  rate  R  is  in  mm/hr 
and  V  is  in  cubic  kilometres.  This  expression  assumes  a 
relationship  between  and  R  of  the  form  given  in  eqn  (18) 
with  6  =  1.6,  derived  for  stratiform  rain. 

Table  3  gives  rain  clutter  cross  sections  for  a  radar  operating 
in  the  low  SHF  band,  assuming  the  values  of  V  .shown;  these 
are  typical  figures  based  on  eqn  (30)  for  a  range  of  10  km, 
Comparing  with  typical  target  cross  sections  for  missiles 
(<  0  dBsm)  and  small  aircraft  (<  10  dBsm),  it  is  seen  that  tain 
clutter  can  effectively  prevent  the  detection  of  such  targets. 


3  GHz  10  GHz 

Scatter  volume  V  (km^) 

I 

Light  rain  (1  mm/hr) 

Moderate  rain  (5  mm/hr) 

Heavy  rain  (25  mm/hr) 

-3  s 

8  " 

19  30 

Table  3:  Radar  cro.ss  senion.',  {dBsm)  of  rain  clutter 
at  10  km  range 


Circular  polarisation  is  often  used  to  enhance  the  target  to 
(rain)  clutter  ratio.  The  reason  is  that  a  circularly  polarised 
wave  is  reflected  from  a  spherical  raindrop  with  the  opposite 
sense  of  rotation,  and  this  reflected  signal  is  rejected  by  the 
radar  antenna  (which  will  only  accept  the  same  sense  of 
polarisation  as  it  is  designed  to  transmit).  On  the  other  hand 
the  target,  being  a  complex  reflector,  will  return  reflected 
energy  more  or  less  equally  divided  between  the  two  senses  of 
polarisation.  Unfortunately  rejection  of  clutter  is  imperfect; 

(i)  since  large  raindrops  are  not  spherical  the  scattered  signal 
will  contain  both  senses  of  polarisation  (see  Figure  (4)). 

(ii)  reflections  from  the  Earth's  surface  alter  the  sense  of 
polarisation. 

(iii)  the  antenna  isolation  against  opposite  sense  polarisation 
is  never  perfect. 

In  practice,  circular  polarisation  cancellation  of  clutter  echoes 
is  rarely  better  than  20  dB,  and  can  be  as  low  as  10  dB  in 
heavy  rain.  It  has  been  found  that  slightly  elliptical 
polarisation  can  improve  the  clutter  cancellation  (by  up  to 
lOdB)  in  heavy  rain.  Good  results  require  careful  adjustment 


of  the  polarisation  in  real  time,  as  the  optimum  polarisation 
depends  on  the  detailed  structure  of  the  rain  cell 

3.7.2  Bistatic  scatter 

Bistatic  scatter  from  rain  can  cause  interference  on  a 
communications  link,  or  can  lead  to  an  increased  probability 
of  intercept  of  a  communications  or  radar  emission.  Because 
of  the  potential  risk  of  interference  via  rain  scatter  between 
terrestrial  radio  links  and  Earth-space  services  in  the  civil 
sector,  ITU-R  Rec452  [191  contains  a  procedure  for  rain 
scatter  interference.  The  procedure  is  based  on  eqn  (28) 
evaluated  under  particular  assumptions  of  rain  cell  structure 
and  antenna  beam  geometries,  and  makes  allowance  for  rain 
attenuation  along  the  scatter  path,  and  for  non-Rayleigh 
scattering  effects  above  10  GHz  The  procedure  is  somewhat 
complicated,  and  the  reader  is  referred  to  1 19)  for  details 

Instead,  a  very  simple  rule-of-thumb  can  be  given  for  the  ratio 
of  the  signal  level  received  via  bistatic  rain  scatter  to  the  signal 
level  that  would  be  received  in  free  space  over  a  path  of  the 
same  length  as  the  scatter  path.  In  free  space,  the  signal  power 
P/'  received  at  the  terminals  of  an  antenna  of  gain  G,  after 
propagating  a  distance  d  through  free  space  from  a  transmitter 
of  power  R  and  antenr.  gain  is: 

p/'  =  p^  (32) 

(4n)V‘ 

where  X  is  the  wavelength.  Taking  the  ratio  of  the  bisiaiic 
scattered  power  given  by  eqn  (281  to  P/' .  assuming  the  simple 
path  geometry  d^  =  d^  =  d/2.  and  expresstng  tne  lesult  in 
decibels  gives: 

101og,„(  p;“‘  /  P/' )  =  101og,„o  -  2()log,„r/  -  59  (33) 

where  101ogj|,o  is  given  in  dBsm  and  the  path  length  d  is 
given  in  km.  An  estimate  of  101og||,a  can  be  obtained  from 
the  backscatter  clutter  cross  section  10  logmO  .  eqn  (3 1 ). 

For  example,  at  10  GHz  on  a  20  km  (two-way)  scatter  path 
during  heavy  rain.  lOlogmO  =30dBsm  (from  Table  3).  and 
the  scattered  signal  is  55  dB  below  the  free  space  level  that 
would  result  from  boresight-to-boresight  coupling  between  the 
transmitter  and  receiver.  Strictly,  account  should  also  be  taken 
of  the  scattering  diagram  IS(0)F  (Figure  9)  which  is  included  in 
the  bistatic  scatter  cross  section  (cf.  eqn  (10)  for  backscatter). 
but  this  is  not  really  justified  at  this  level  of  approximation  In 
any  case,  the  scattering  diagram  rarely  shows  as  strong  an 
angle  dependence  as  Figure  9  once  it  has  been  integrated  over 
the  full  drop  size  distribution  [20). 

It  is  important  to  appreciate  that  a  signal  arriving  via  rain 
scatter  will  be  incoherent  and  randomly  fluctuating  in  both 
amplitude  and  phase  on  a  timescale  of  milliseconds.  The  time 
delay  spread  between  the  scatter  paths  from  all  the  individual 
rain  drops  may  be  in  the  order  of  microseconds.  Thus  any 
signal  of  more  than  a  few  tens  of  kHz  bandwidth  is  unlikely  to 
be  intelligible  after  being  scattered  by  rain  although  its 
presence  will  be  detectable. 

4  ATMOSPHERIC  GASES 

In  the  absence  of  hydrometeors  or  other  particles,  the 
atmosphere  can  be  considered  to  be  a  continuous  dielectric 
medium  with  complex  refractive  index  n.  The  value  of  n  is 
determined  by  the  molecular  constituents  of  the  air,  principally 
nitrogen,  oxygen,  carbon  dioxide  and  water  vapour.  It  deviates 
from  its  vacuum  value  of  unity  because  of  (a)  the  polarisability 
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of  these  molecules  due  to  the  incident  electromagnetic  field, 
and  (b)  quntum  mechanical  molecular  resonances. 

The  deviation  of  n  from  unity  is  very  small  in  absolute  terms,  a 
typical  value  being  1.0003  at  the  Earth's  surface.  Because  of 
the  closeness  of  n  to  unity,  it  is  usual  to  work  with  the 
refractivity,  N,  defined  by. 

N={n-\)xl(y'  (34) 

N  is  dimensionless,  but  for  convenience  is  measured  in  “N- 
units".  The  value  of  /V  at  the  Earth’s  surface  is  therefore  about 
300  N-units. 

The  molecular  polarisability  only  contributes  to  the  real  part  of 
N.  and  the  contribution  is  independent  of  frequency  in  the 
SHF  and  EHF  frequency  bands.  The  variation  of  N  with 
position  is  responsible  for  the  refraction  of  radio  waves.  N 
depends  on  the  pressure  F(hPa),  the  absolute  temperature 
T  (K)  and  the  partial  pressure  of  water  vapour  e  (hPa): 

N  =  77.6-^  +  3.73xlO’-^  (35) 

T  T 

This  is  derived  from  the  Debye  formula  [21]  for  the 
polarisability  of  molecules.  The  second  (wet)  term  is  due  to 
the  polar  (i.e.  with  a  strong  permanent  electric  dipole  moment) 
water  vapour  molecules,  while  the  first  (dry)  term  is  due 
principally  to  the  non-polar  nitrogen  and  oxygen  molecules. 
The  constants  are  empirically  determined,  based  on 
experimental  measurements  [22],  An  excellent  discussion  of 
eqn  (35)  is  given  in  (23). 

The  effects  of  variations  in  N  on  the  refraction  of  radio  waves 
are  very  important  for  the  performance  of  radar  and 
communications  systems,  and  are  discussed  fully  in  a  separate 
lecture. 

4.1  Attenuation  mechanisms 

The  effects  of  quantum  mechanical  molecular  resonances  are 
limited  to  narrow  frequency  bands  at  SHF  and  EHF 
frequencies.  Their  contribution  to  the  refractive  index  (less 
than  2  N-units)  is  relatively  small  compared  to  the 
contribution  of  molecular  polarisability  (eqn  (35)).  However, 
of  critical  importance  is  that  the  resonances  contribute  both  a 
real  and  an  imaginary  part  to  N,  the  imaginary  part  being  due 
to  gaseous  absorption.  While  the  real  part  can  generally  be 
ignored,  the  imaginary  part  gives  rise  to  attenuation  of  the 
electromagnetic  waves.  Indeed  the  specific  attenuation  rate  y 
(dB/km)  is  simply  related  to  the  imaginary  part  of  N  by: 

r  =  0.182 /3((V)  (36) 

where  /is  the  frequency  in  GHz. 

Only  oxygen  and  water  vapour  have  resonance  lines  below 
350  GHz.  The  oxygen  molecule  has  a  permanent  magnetic 
dipole  moment  due  to  paired  electron  spins.  Changes  in 
orientation  of  the  combined  electron  spin  relative  to  the 
orientation  of  the  rotational  angular  momentum  give  rise  to  a 
closely  spaced  group  of  “spin-flip"  or  hyperfine  transitions 
near  60  GHz.  and  a  single  line  at  119  GHz.  The  water 
molecule  has  a  permanent  electric  dipole  moment,  and 
rotations  of  the  molecule  with  quantised  angular  momentum 
give  rise  to  spectral  lines  at  22,  183  and  325  GHz. 


temperature  and  {especially  for  water  vapour  absorption)  on 
the  water  vapour  pressure  (or  water  vapour  density).  Liebe  has 
implemented  his  algorithms  as  a  computer  program.  MPM 
Figure  17  shows  the  attenuation  rate  per  kilometre  at  ground 
level  (1013  hPa,  15"C)  due  to  dry  air  and  water  vapour, 
calculated  using  MPM.  In  the  case  of  water  vapour,  a  water 
vapour  density  of  7.5  g/m*  was  assumed;  the  graph  can  easily 
be  scaled  to  other  values  since  the  specific  attenuation  is 
proportional  to  the  water  vapour  density 


1000 


Frequency  (GHz) 

Figure  17:  Specific  altenualion  due  to  atmospheric  gases 


It  will  be  observed  ihat  the  absorption  docs  not  fall  to  zero 
away  from  the  resonance  lines.  The  dry  air  continuum  arises 
from  the  non-resonant  Debye  spectrum  of  oxygen  below 
10  GHz  and  a  pressure-induced  nitrogen  attenuation  above 
100  GHz.  The  absorption  spectrum  of  water  vapour  has  very 
intense  lines  in  the  far  infra-red  region  and  the  low  frequency 
tails  of  these  lines  are  seen  as  the  sloping  baseline  of  the  water 
vapour  spectrum  in  Figure  17.  The  wet  continuum  also 
contains  an  "anomalous"  contribution  to  account  for  the  fact 
that  measurements  of  water  vapour  attenuation  are  generally  in 
excess  of  those  theoretically  predicted,  the  effect  being  most 
noticeable  in  the  wings  of  the  spectral  lines  where  the 
expected  attenuation  is  small. 

The  50-70  GHz  region  contains  a  complex  of  more  than  30 
oxygen  resonance  lines.  These  are  not  visible  in  Figure  17 
because  near  sea-level,  the  spectral  lines  are  greatly  widened 
by  pressure  (collision)  broadening,  and  merge  together. 
Absorption  rates  exceed  10  dB/km  between  57  and  63  GHz. 
and  this  limits  the  ranges  over  which  transmissions  can  be 
received  to  within  a  few  kilometres.  The  60  GHz  band  thus 
offers  potential  for  secure,  short  range  communications. 

At  altitudes  above  about  IS  km,  the  pressure  is  sufficiently 
low  that  the  60  GHz  line  is  clearly  resolved  into  several 
closely  spaced  components.  This  is  illustrated  in  Figure  18  for 
pressure  levels  of  1013,  40,  and  20hPa,  corresponding  to 
approximate  heights  above  sea  level  of  0,  20  and  23  km. 


Calculations  of  gaseous  attenuation  are  made  by  summing  the 
effects  of  each  individual  resonance  line,  taking  into  account 
the  frequency,  strength  and  width  of  each  line.  Spectroscopic 
parameters  for  the  lines  have  been  published  by  Liebe  et. 
al.  [24].  The  contribution  of  each  line  depends  on  the  pressure. 


Between  the  resonant  lines,  the  absorption  rate  can  fall  below 
0. 1  dB/km.  This  leads  to  the  possibility  of  long  range 
communication  between  high  altitude  aircraft  or  satellites  that 
is  secure  from  detection  at  the  surface  of  the  Earth. 
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Hgnre  IH:  Specific  attenuation  due  to  oxyiien  at  various 
atmospheric  pressures 

4.2  Practical  attenuation  models 

In  practice,  the  el'fect.s  of  gaseous  absorption  are  negligible 
frequencies  below  10  GHz,  puiiicularly  when  compareo 
other  propagation  impairments  that  arc  likely  to  be 
encountered.  Above  10  GHz.  an  allowance  for  gaseous 
absorption  should  be  made. 

For  a  terrestrial  link  near  the  surface  of  the  Earth,  the  total 
gaseous  attenuation  (dB)  on  a  path  length  d  (in  km)  is 
simply: 

=(Y, -i-y.lrf  (37) 

Y,  and  7^  arc  (he  specific  attenuations  (dB/km)  at  the  surface 
for  dry  air  and  water  vapour,  respectively,  obtained  from 
Figure  1 7  for  the  frequency  of  interest 


At  frequencies  above  57  GHz,  or  lot  path  elevation  angles  0 
/ess  than  lO"  (when  allowance  should  be  made  for  refractive 
bending  in  the  atmosphere)  the  more  detailed  expressions 
given  in  [16]  or  (25J  should  be  used 

The  attenuation  caused  by  gaseous  absorption  is  not  constant, 
principally  due  to  the  fact  that  both  water  vapour  density  and 
its  vertical  profile  are  quite  variable  from  place  to  place  and 
from  day  to  day  (the  oxygen  contribution  being  relatively 
constant).  The  methods  of  [16)  and  contour  maps  of  water 
vapour  density  (26)  can  be  used  to  estimate  distributions  of 
gaseous  attenuation  if  required.  The  variations  in  atmospheric 
attenuation  exceeded  for  large  percentages  of  the  time  (when 
no  rain  is  present)  are  important  for  low-availability  systems 
Measurements  in  Europe  in  the  1 1  GHz  band  have  shown  that 
seasonal  variations  in  the  monthly  median  level  of  total 
attenuation  do  not  exceed  0. 1  dB.  and  that  the  total  attenuation 
exceeded  for  209^  of  the  worst  month  is  less  than  (1.2  dB 
above  the  monthly  median  value. 

S  CONCLUSIONS 

Simple  prediction  methods  are  available  for  the  effects  of 
hydrometeors  and  atmospheric  gases  on  communications  and 
radar  systems  at  SHF  and  EHF  These  are  based  on 
fundamental  physical  principles,  and  use  input  parameters  that 
are  readily  available  from  local  meteorological  measurements, 
or  from  global  maos  that  have  been  prepared  by  the  ITU  for 
civil  communications  systems. 

These  methods  can  be  used  both  at  the  system  planning  stage 
when  statistical  predictions  are  required,  and  to  improve  the 
accuracy  of  real-time  prediction  tools  when  operating  in  the 
presence  of  rain. 
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(39) 


=  1 .6  km  in  clear  weather  and  2. 1  km  in  rain. 


(1)  Goddard  J.W.F.,  Eastment,  J  D.  and  Thurai.  M..  "The 
Chilbolton  Advanced  Meteorological  Radar:  a  tool  for 
multi-disciplinary  atmospheric  research.  /EE  Elec,  and 
Eng.  J  .b.  77-86.  1994. 

(2)  ITU-R  Recommendation  837,  “Characteristics  of 
precipitation  for  propagation  modelling",  1992-CCIR 
Recommendations.  RPN  series.  Propagation  in  Non- 
lonised  Media.  Geneva.  1992. 

(3)  Marshall,  J.S.  and  Palmer,  W.McK.  “The  distribution  of 
raindrops  with  size",  7.  Meteorol..  5.  165-166.  1948. 

(4)  Laws,  J.O.  and  Parsons,  D.A..  “The  relation  of  raindrop- 
size  to  intensity",  Trans.  Amer.  Geophvs.  Union,  24, 
452-460,  1943. 

(5)  van  de  Hulst,  H.C..  “Light  scattering  by  small  particles", 
Dover  Publications  Inc.,  New  York.  1981,  (ISBN  0-486- 
64228-3). 

(6)  Bohren,  C.F.,  and .  Huffman.  D.R..  “Absorption  and 
scattering  of  light  by  small  particles”,  John  Wiley  & 
Sons.  New  York.  1983,  (ISBN  0-471-05772-X). 

(7)  Oguchi,  T.  and  Hosoya,  Y.,  “Scattering  properties  of 
oblate  raindrops  and  cross-polarisation  of  radio  waves 
due  to  rain:  Calculations  at  microwave  and  millimetre 


7-16 


wave  regions”.  J.  Radio  Res.  Lab.  Jpn,  21(105),  (251  ITU-R  Recommendation  676-1,  'Altenualion  b>  gases  m 

191-259,  1974.  the  frequency  range  l-,750GH/  '.  ihtd  .  1992 

(8)  Barber.  P.W.  and  Yeh,  C..  "Scattering  of  electromagnetic  |26|  ITU-R  Recommendation  836.  "Surface  water  \apour 
waves  by  arbitrarily  shaped  dielectric  bodies".  Appl.  density",  ifcid  .  1992 

Opt..  14(12),  2864-2872,  1975 

[9|  Uzunoglu.  N.K..  Evans,  B.G,  and  Holt,  A.R.. 

"Evaluation  of  the  scattering  of  an  electromagnetic  wave 
from  precipitation  particles  by  the  use  of  Fredholm 
integral  equations".  Electron.  Lett.,  12(12),  312-313. 

1976. 

[10|  Asano,  S.  and  Yamamoto,  G.,  "Light  scattering  by 
spheroidal  particles",  Ap/j/.  Optics.  14(1),  29-49.  1975. 

[11]  Holt,  A.R..  ‘The  scattering  of  electromagnetic  waves  by 
single  hydrometeors".  Radio  Science.  17(5).  929-945. 

1982. 

[12]  Rayleigh,  Lord,  "On  the  light  from  the  sky.  its 
polarisation  and  colour",  Philos.  Mag..  41,  107-120. 

274-279,  1871. 

[13]  Mie,  G.,  “Beitrage  zur  Optik  triiber  .Medien  spcziell 
kolloidaler  Metallosungcn.  Ann  Ph\s..  25.  377-445. 

1908, 

[14]  ITU-R  Recommendation  841 ,  "Conversion  of  annual 
statistics  to  worst-month  statistics".  1992-CCIR 
Recommendations,  RPN  series.  Propagation  in  Non- 
lonised  Media.  Geneva,  1992. 

[15]  ITL'-R  Recommendation  530-4.  "Propagation  data  and 
prediction  methods  required  for  the  design  of  terrestrial 
linc-of-sight  systems”,  ibid..  1992. 

[161  ITU-R  Recommendation  6 1 8-2,  "Propagation  data  and 
prediction  methods  required  for  the  design  of  Earth- 
space  telecommunications  systems",  ibid..  1992. 

(171  ITL'-R  Recommendation  838.  "Specific  attenuation 
model  for  rain  for  use  in  prediction  methods",  ibid.. 

1992. 

[18]  ITU-R  Recommendation  840.  "Attenuation  due  to  clouds 
and  fog",  ibid..  1992. 

[19|  ITU-R  Recommendation  452-5,  “Prediction  procedure 
for  the  evaluation  of  microwave  interference  between 
stations  on  the  surface  of  the  Earth  at  frequencies  above 
about  0.7  GHz",  iTuW  1992 

[20]  COST  210  Final  Repon,  "Influence  of  the  atmosphere  on 
interference  between  radio  communications  systems  at 
frequencies  above  1  GHz".  EUR  13407.  Commission  of 
the  European  Communities,  Annex  2,19,  1991. 

[21 1  Debye,  P.,  "Polar  molecules".  Dover  Publ.,  89-90.  1957. 

[22]  Smith,  E.K.  and  Weintraub  S..  "The  constants  in  the 
equation  for  atmospheric  refractive  index  at  radio 
frequencies".  Proc.  IRE.  41,  1035-1037.  1953. 

[23]  Bean,  B.R.  and  Dutton,  E.J.,  “Radio  meteorology”. 

National  Bureau  of  Standards  Monograph  92,  Chapter  1 . 

1966. 

[24]  Liebe,  H.J.,  Hufford,  G.A.  and  Cotton.  M.G.. 

"Propagation  modeling  of  moist  air  and  suspended 
water/ice  particles  at  frequencies  below  1000  GHz”,  in 
“Atmospheric  propagat’on  effects  through  natural  and 
man-made  obscurants  for  visible  to  mm-wave  radiation”. 

AGARD-CP-542,  Paper  3.  1993. 


i 


REPORT  DOCUMENTATION  PAGE 


1.  Recipient’s  Reference 

2.  Originator’s  Reference 

3.  Further  Reference 

4.  Security  Classificatiott 
of  Document 

AGARD-LS-196 

ISBN  92-836-1004-0 

UNCLASSIHED 

5.  Originator  Advisory  Group  for  Aerospace  Research  and  Development 
North  Atlantic  Treaty  Organization 
7  rue  Ancelle,  92200  Neuilly-sur-Seine,  France 


Propagation  Modelling  and  Decision  Aids  Utr  Communications, 
Radar  and  Navigation  Systems 

7.  Presented  on  4.5  October  1994  in  Ottawa,  Canada,  10-11  October  1994 

in  Lisbon,  Portugal,  and  13-14  October  1994 
in  The  Hague,  The  Netherlands 

8.  Author(s)/Editor(s) 


9.  Date 


Various 


10.  Author’s/Editor’s  Address 
Various 


12.  Distribution  Statement 


13.  Key^sords/Descriptors 


September  1994 


11.  Pages 
184 


There  are  no  restrictions  on  the  distribution  of  this  document. 
Information  about  the  availability  of  this  and  other  AGARD 
unclassified  publications  is  given  on  the  back  cover. 


Wave  propagation 
Ionospheric  propagation 
Ground  wave  propagation 
Decision  making 
Decision  aids 
Software  tools 


14.  Abstract 


Communication  and  radio  systems 

Radar  systems 

Navigation  systems 

Systems  engineering 

Predictions 

Mathematical  models 


In  recent  years,  a  number  of  powerful,  flexible,  modelling  tools  for  the  assessment  and 
exploitation  of  propagation  conditions  have  become  available.  Rapid  advances  in  mini  and 
microcomputer  technology  have  put  complex  models  with  sophisticated  user  interfaces  at  the 
disposal  of  the  non-specialist  user.  These  range  fi'om  system  design  tools  to  near  real-time 
operational  and  tactical  decision  aids  that  include  models  and  databases  of  the  necessary 
environmental  parameters.  Prediction  tools  are  required  for  communications,  radar  and 
navigation  applications,  and  cover  the  frequency  spectrum  from  ELF  to  optical. 

The  lectures  will  concentrate  on  the  prediction  tools,  but  will  also  cover  the  background 
required  to  understand  the  models  used.  The  emphasis  will  be  on  frequencies  from  HF  to 
optical.  Topics  will  include  the  ionosphere,  ground  wave  propagation,  teirain  diffraction, 
refractive  effects,  hydrometeors,  atmospheric  gases,  electro-optics  and  the  sensing  of 
radiometeorological  parameters.  Both  empirical/statistical  system  planning  methods,  and 
more  theoretically  based  deterministic  operational  decision  aids  will  be  covered. 

This  Lecture  Series,  sponsored  by  the  Sensor  and  Propagation  Panel  of  AGARD,  ‘•as  been 
implemented  by  the  Consultant  and  Exchange  Programme. 


Ill 


m 


1*1 
-I  ^ 
8  -a  ■§ 

®  el 

I  “  ^ 


bb 

s|| 

g-s-i 

=  ■§  -S 
8  3  = 

=is 

>  ^  s« 

>  G  U 


COO 

Ilia 

O  S>  w 

a  §■ 


P  c- 
c  -  S 

^11 

a  £ 

^  >£3  ^ 

^  §  I 

s  g  a 

O  c 
u  g  o 
o  *  S 

•3  g  00 

w  o  «0 

|i5  2 

9^0. 

1  '^  > 
..2  2 
W5  2  ^ 

8  -a  ■§ 

2  g.  § 

sis 

o  ^  00 

■«  V  , 

a  C  2 
"S  ^  « 

“•1  “ 

a  i  2 

*5  CO  o 

«  *T?  ‘"^ 


■  g  I  iS 
a  ■5.?3 
i  g.e  ^ 

«  y  e 
J  13  .2 

4>  O  V) 

's  n 

s'l-^ 

1  2  ^  a 

fe^ 

o  «  ° 

•g-s-3 

<a  O  2 
.  flj  'I 

O  £  I 

o  ^  u 

U  U  V 

6  E 

I  i's 

W  .2  2^ 

1-^1 
.  u  I  g 
P  2  8 

•S  sl 

ih 

■BSE 


G  O 

2  -S  -o 

«  u 
a  2  u 
60  o 
•a  .S  ^ 

a  o-fa 

•ae  ^ 

.92-3 

g 

'  O  C 

-2  13  ,2 

V  O  V) 

■3  o 
VJ  .2  y 
o  «s  TJ 

60^  ^ 

.  «  U  -2 

^'C  -c  5 
«  •=  2 
jC  &  u 

a.  g  a 

s  S  o 


o  -g  V 

u  2  -S 

i  ® 

.02^ 

§1'® 
'i  -S  ^ 

>  e  y 
w  3  'S, 


ll^ 

*s  o 

•  s  rl 


s  ^  w 
ca  O  2 

pa  '3 

gel 

:  8  U  o 

ill 
I  I 'S 
I  S-l 

PI 

!B  p  'S 

“  "  S  B 

P  2  8 

i8« 
l|g 
*  H  S  B 


=  u  j= 

M  " 
8|| 

1  =  t 

fis  £ 

>  ^  a. 

•lO  es 

ill 

i "  I 

5  2 

s- 

2  3  g 

^  o 

§  « 

U  2  -S 

,  §|| 
g«-g 

g  ■?  .5 
o  3  — 

= 

"2  “> 
^  S  .2 

s  2  !■ 

y  = 

«  2  13 

u  3-2 

!S  ?§• 


■3  2  = 

§  4,  .2 

1^1 

f2  vh 

I 

^11 

krt  C  U 

a>  «>  ^ 
>  3  , 

5^0 
®  c  'l 

•a  g  00 
CO  O  cd 

I  ^  £ 

?  — .  O- 


a  B  u 

•S  00  S 

g  I  ii 
a  "H-S 
Ib  ^ 

9  B^ 

g  ^'=3 

O  U  M 

- 1 'S 

1 

■c  -2  I 

a  -s  2 

tsl- 

^  J?  o 
0^1 

g-sS 

<0  O  ■£ 

.  m  5 

i/i  'G 

^  t/i  E 
O  k>  In 
o  O  a> 

O  U  4> 

B  I  = 

1  i’s 

f.  a.  a 

J3  _  .a 
^  — 

.2  ^ 
y  “13 

vP  —  2 
C  O  '*3 

“  §  £ 
p  2  8 
•s  M  2 

§  .2  £ 

«  “O  o 

2  2  E 


1’^  I 

,.2  2 

ill 


B 

ill 

o  *0  S 
e  g  -a 

ill 

i|5 

<A  3  ■  — 

£  o 
a  ~  H 


g  I 
a  ’H.s 

•O  c  ^ 

>  3.  C  ,. 

.  9  2  -s 

g  ^>15 
-  o  c 
13  .2 

a>  u  ;/j 
'*3  'y 

!/)  .52  « 
o  ts  'O 
»2  w 

a|| 

r»  O 

s  O  U  .S 

I'i  2 

■q-  E 
S  S  o 

•g2-g 

«  O  2 

.OQ  I 

cA  a 
Out 

3  U  U 


■“  13  f 

mT  o  >» 
111 
■^11 
ill 
ll§ 

'  £  S  B 


ISBN  92-836-1004-0  ISBN  92-836-1004-0 


w 


1 


i 


NATO  OTAN 

7  RUt  ANCELLE  •  92200  NEUILLV  SUR  SEINE 


l»IH  (  sl<»\  IM  S  n  HI  It  UI(»Ss 


FRANCE 


\(.  VKl)  NOV  (  I  VSSim  I  s 


Telecopie  (1  )47  38.57.99  •  Telex  610  1  76  | 

.'\ui.un  N[(H.k  piibin.  ii  .t  c\isu-  a  \(  •  \KI)  \  paiiir  lU-  v  \(  i.XKI)  nitia  iii-.  'U^k  Imiik-  T.,  -  j  uTliwif  it  ii-  .■'^i  ax  .  .a.  v  ^  \  ^  k  ' 

ik'  ciiiitEivnccs  01  oours  sptkiau\  ainM  tpu-  lo^  .-H'l.XKIkioiaphiO'  l.■t  lo'  lapiKHi'.  To-.  .  n.npi.  ■■  .II  u,i\  ail  a  mi'a  -  ol  puhlio'  a  paitii  >k  I  - 
iiKlu>.  Eos  tlonuuKios  tlo  roiisoioiioinoms  3di\oni  otic  adio'^oo^  a  pai  k-iUi.  nu  pai  laa  a  l  aJi.  -o  nHliquix  k.i  ikxvii^  I  .'a 

/ftjs  .  i..i  tliltuMMi  inittalo  3o  unilos  lc>  publioatu>i»''  lio  T  \(.i.\Kl)  o^I  otltalnoo'  aupiO'  To^  pa\s  irioiiihiia  Jo  lOI.XN  pai 

riiilomioJiairc  Jev  tfiilitk  ik  oll^lrlhuIl^m  iialioiujx  iiiiliijutk  oi  ik-oMiijo.  Uo-  oxiiiipl.nio,  ■.iippk’nioiMairo'  poiuoiii  pailok  olio  obiomi' 
aupro'i  Jo  oO^  ooiilios  la  Tovoopiidn  Jos  b’tats  I  iiisi.  Si  \ous  siiuhailo/  rocovnn  itmios  lo'  piibhoaluins  Jo  I  Xti.XKl>  ou  'impioniont  ^ollo- 
ojui  ooiKOnionl  ooi'laiils  l-’anoU.  \ous  pinioe/  ilomanJci  a  oiro  inclii  sui  la  iisio  J'onsi-i  Jo  I'lin  Jo  ^O'  ^oniro  s  {  O'  piibix  .iiuiiis  Jo  i  Mi  XK I  ’ 
sinil  on  voiilo  aupros  Jos  apoiioos  injitpioos  oi  Jossous.  siuis  tiinno  Jo  plu>Ii>n»pio  mi  Jo  lUkinfiifio 


CT  VikES  l)E  Rim  SlON  NATION  XI  \ 


aitemaom: 

rachiiiri'rniaiions/omrum. 

Karlsruhe 

D-7fi.144  Fogcilsloin 4  oopoljshaton  7 
HEixiigi  e: 

C'oorJonnalour  AC.XKO  X  SI 
Elal major  do  la  Force  aorieiiiio 
guartier  Reine  Elisaboih 
Rue  d'Fvcre,  I  140  Bruxelles 


ISTANDl 

Diieelor  ol  As  lapon 
e/o  Fluerail 
Rex  kjax  ik 

hath: 

AeiouauUoa  XliUlaro 

Ttlieio  del  Deleealo  Na/iouaL  a!‘  X(  i  XFI) 
Aeroporto  Praliea  di  Xlaio 
(KHUU  Pome/ia  (Ronuii 


CANADA 

Direcieur  du  Serx  iee  oles  reiiseiguemems  soieniiTuiu 's 
Min.siere  de  la  Defense  naiumale 
Ottaxxa.  Ontario  K  TA  0K7 
DANEMARK 

Danish  Defence  Research  Establishmen; 

Rvxanus  Alle  1 
P.'O.  Box  77  TS 
DK-7100  Copeiihaiten  O 

fspac.ne: 

INTA  l.ACi.ARD  Publications) 

Pintor  Rosales  34 
7S(KW  Madrid 
E; T  ATS-T  MS 

N. ASA  Headquarters 
Code  JOB- 1 

Washinjiton.  D.C.  7(i54(i 
FRANCE; 

O. N.E.R.A.  I  Direction) 

79.  .Axenue  de  la  Dixis.on  l.eclerc 
92.177  Chatillon  Cedex 
GRECE 

Hellenic  .Air  Force 
,Air  War  College 
Scientific  and  Technical  Tibraix 
Dekelia  .Air  Force  Base 
Dekelia.  Athens  TGA  IIIUI 


i  t  .\FMBOf  RG 
Ion  Belgique 
NflRXFl.t: 

Norxxogian  Delence  Rose. noli  E.si.Jiiish;!  mu 
Attn.  Biblioiekct 
P  I)  Box  7.S 
.N.7l)l»7  Kieller 
PAYS  BAS 

Netherlands  Dclog.ilion  to  Afi  ARI) 

Nation.J  Aerospace  I  .hor.itoix  N1  K 
P.O.  Box  x>|)sii7 
IDlif)  B\l  Aiiist.’id.im 
P<)RT(  GAT 

Foi\.i  Xerea  Poiiuguesa 
Centro  ole  Doounient.u.io  o  liitonuas.)'' 
.Alfragido 
77(K)  ,-Xniailoia 
ROVAl  me:  I  Nl 

Delence  Research  Inforniaiioii  (  euiro 
Kenligern  House 
6.S  Broxxn  '.ireei 
Glasoou  '  17  SF.X 
ITRgi  IE 

Mill)  Savuntna  BaskanluJi  iMSBi 
ARGF  Daiivsi  Ba.skanliji  iMSB) 

()bi,,s(l  Bakanliklar  .Ankara 


Le  centre  de  distribution  national  des  Ktats-l  nis  ne  detienl  PA.S  dr  stocks  des  puhliealions  de  P  At;  XRI). 

D'eoentuclles  demanoles  ole  photoKopies  otoiveni  X-ire  foinmileos  direetcniem  aupres  du  N  AS  A  t  eiiiei  lot  XeroiSp.ue  Infonn.iiuin  A  XS! 
it  Tadresoc  ei-dessoius.  Toute  luitifieation  ole  eh.iiig<.'incnt  d  adresse  doiit  etre  lait  egalenieni  aupres  ole  CASI 


N  ASA  Center  for 

AcroSpaee  Information  (C.ASli 
SIX)  Fdkridge  Landing  Road 
Linlhicum  Heights.  .MD  71090-79.14 
Etats-cinis 


AGENC  E.S  DE  VENTE 

rSA/Inlomiation  Retnexal  Seixiee 

Eurorpean  Space  .Agonex 

10.  rue  Mario  Nikis 

750  TS  Pans 

France 


Ehe  British  l.ihrarx 
Docurnent  Siipplx  Dix  ision 
Boston  Spa.  W'elherhx 
XXest  Yorkshire  LS71  7Bg 
Ro\aunie-l  111 


Les  demandes  de  mierofiehes  ou  de  pholoco'pies  de  documents  .ACi.ARD  (v  eompris  les  demandes  fuiles  aupres  du  C  ASl)  doixeni 
eonipxirler  la  denomination  AGARD.  amsi  que  !e  numcro  ole  sene  d'AG.ARD  (par  exemple  .AGARD-.AG -.11.5)  Des  infomiatioiis 
analogues,  telles  que  le  litre  cl  la  date  de  publication  soni  souhailahles.  Veuiller  nolcr  qu  it  )  a  lieu  ole  sjx'o  ifiei  AG  ARD-R  iinn  ei 
AGARD-AR-nnn  lors  de  la  eontmande  des  rapports  AG.ARD  et  des  rapports  eonsultatils  ACiARD  respi-ctixement  Des  roOoTences 
bibliographiqucs  completes  ainsj  que  des  resumoA  des  publications  AG.ARD  figurenl  dans  les  loumaux  sui.ants: 


Scientific  and  Technical  .Aerospace  Repons  (ST.AR) 
publiti  par  la  NASA  .Scientific  and  Teihnical 
Information  Division 
NASA  Headquarters  (JTT; 

Washington  D  C.  70.546 
Etats-Unis 


Government  Reports  .Announcements  and  Index  iGRAoNi) 

public  par  Ic  National  Techmeal  Inlonnaiion  Serxiee 

Springfield 

yirginia  77161 

Etats-Unis 

(accessible  ofgalemcnt  en  mtxie  interactif  dans  l.i  base  ole 
donnecs  bihliographiques  en  ligne  du  NTIS.  ci  t  'D-ROM) 


hnprime  par  Ic  (irtmpr  Cnnimitnii  alum  CtinaJa 
■JT.  haiit  Sat ! c  Can-  .  Hall  (Qat'ht't  t.  Caiiiiila  A  /  I  (IS~ 


i 


h  i^ure  V  Rayleigh  scatterinf^  diagram  for  perpendtcular 
and  parallel  polarisation 


inversely  proportwnai  lo  ihe  fourth  power  of  wavelength  This 
simple  observauon  leads  lo  ihe  following 


JiC:  '  - 

NATO  ^  OTAN 

7  RUE  ANCELLE  •  92200  NEUIUY-SUR-SEINE 


FRANCE 


Tetatex  (1)47^.57.99  •  Tatox  610  176 


DISTRIBirriON  OF  UNCLASSIFIED 
AGARD  PUBLICATIONS 


ACARD  bolds  liniiled  qa^lies  of  the  publications  that  Kcompanied  Lecture  Series  and  Special  Course  held  in  1993  or  later,  and  of 
AGARDographs  and  Woricing  Group  reports  published  from  1993  onward.  For  details,  write  or  send  a  telefax  lo  the  address  given  above. 
Please  do  not  lehpkoiu. 

AGARD  does  KM  hold  stocks  of  pufalicaciafis  that  accompaitied  eariier  Lecture  Series  or  Courses  or  of  any  odier  publications.  ImiiaJ 
distilbiition  of  AGARD  publications  is  made  lo  NATO  nations  through  the  National  Distribution  Centres  listed  below.  Further  copies  arc 
sametanes  avail^ie  ftm  meae  centres  (except  in  the  United  Slates).  If  you  have  a  need  to  receive  all  AGARD  publications,  or  just  those 
relating  to  one  or  more  specific  AGARD  Panels,  they  may  be  willing  lo  include  you  (or  your  organisation)  on  their  distribution  list. 
AGARD  puMreatioas  may  be  purchased  from  the  Sales  Agencies  listed  below,  in  photocopy  or  microfiche  form. 

NATIONAL  DISTRIBUTION  CENTRES 


BELGIUM 

Coordonnateur  AGARD  —  VSL 
Etat-nutjor  de  la  Force  adrienne 
(Juartier  Reine  Elisabeth 
Rue  d'Evere,  1 140  Bruxelles 
CANADA 

Director  Scientific  Information  Services 
Dept  of  National  Defence 
Ottawa.  Ontario  KIA  0K2 
DENMARK 

Danish  Defence  Research  Establishment 
Ryvangs  Alld  I 
P.O.  Box  2715 
DK-2t00  Copenhagen  0 
FRANCE 

O.N.E.R.A.  (Direction) 

29  Avenue  de  la  Division  Leclerc 
92322  ChitilkHi  Cedex 


LUXEMBOURG 
See  Belgium 

NETHERLANDS 

Netherlands  Delegation  to  AGARD 
National  Aerospace  Laboratory,  NLR 
P.O.  Box  90502 
1006  BM  Amsterdam 

NC»WAY 

NorwMian  Defence  Research  Establishment 
Attn;  Biblioteket 
P.O.  Box  25 
N-2007  Kjeller 

PORTUGAL 

For^a  Adrea  Portuguesa 

Centro  de  Documenta^ao  e  Informa^ao 

Alfragide 

2700  Amadora 


GERMANY 

Facbmfoimatioaszentnim 

Karlsruhe 

D-76344  Eggenstcui-Leopoldshafen  2 
GREECE 

Hellenic  Air  Force 
Air  War  ColIcK 
Scientific  and  Technical  Library 
Dekelia  Air  Force  Base 


SPAIN 

INTA  (AGARD  Publications) 
Pintor  Rosales  34 
28008  Madrid 

TURKEY 

Mint  Savunma  Ba^kaniigi  (MSB) 
ARGE  Dairesi  Ba^anlifi  (MSB) 
06650  Bakanliklar-Ankara 


Dekelia.  Atheas  TGA  1010 
ICELAND 

Director  of  Aviation 
c/o  Flugpd 
Reykjavik 
ITALY 

Aeronautica  Militate 

UfEcio  del  Delegato  Nazionale  all'AGARO 
Aeroporto  Pratica  di  Mare 
00040  Prauezia  (Roma) 


UNITED  KINGDOM 

Defence  Research  Information  Centre 
Kentigem  House 
65  Brown  Street 
Glasgow  G2  SEX 

UNITED  STAIES 

NASA  Headquarters 
Code  JOB- 1 

Washington,  D.C.  20546 


The  United  States  Nathtaal  DMribation  Certre  chies  NOT  hold  stocks  of  AGARD  publicatioiK. 

Applications  for  copies  should  be  nude  direct  to  the  NASA  Center  for  AeroSpace  Information  (CASI)  at  the  address  below. 

(Change  of  address  requests  should  also  go  to  CASI. 

SALES  AGENCIES 

NASA  Ceater  for  ESA/Infomiaiion  Retrieval  Service  The  British  Liinuiy 

AeroSpace  hifonnation  (CASI)  Eurc^pean  Space  Agency  Document  Supply  Centre 

800  Eftndge  Landi^  Road  10,  nie  Meiw  Nfkis  Boston  Spa.  Wetberby 

Undiiciim  MD  21090-2934  75015  Paris  West  Yorkdiire  LS23  7BQ 

Umted  Stiles  France  United  Kingdom 

Requeets  for  microBcbes  or  photocopies  of  AGARD  documents  (mcfoding  requests  to  CASD  should  include  the  wmd  ‘AGARD' 
aad  die  AGARD  serial  ouaitier  (for  exaaiple  AOARD-AC-315).  CoUaienl  mformatioa  such  as  title  and  publication  dale  is 
desaiMe.  Note  that  AGARD  Reports  and  Adviaory  Repom  dxiold  be  speckled  as  AGARD-R-nnn  and  AOARD-AR-nnn. 
leipecMivciy.  Rdl  bfltVogiaphicel  refereaces  aad  abnractt  ot'  AGARD  poHicidioas  are  given  in  die  foUowti^  joumals: 


Saeadfic  end  Techaical  Aeroenaoe  Rapons  (STAR) 
pthWifotirf  by  NAM  Scteacific  aad  Technical 

bifonwhcMi  Ditrisiiai _ 

NASA  Headaaertew  (ITT) 

WaRdi^  6X:.  20546 
UahadSiiees 


Oovcnaaent  Reports  AmoimcemeiHs  and  fodex  (ORA&I) 
pabliihed  by  die  Nadonai  Technical  Infonnadoo  Service 


paMUtedbyda 
Sariiqtlield 
Vhsfada  22161 
Uahed  Staaea 


(abo  avallabfo  oaNae  ia  the  NTiS  Bibliogr^ihic 
Datahaae  or  tm  CO-RfBR) 


rrimed  by  Cmada  Coimmmedbcm  Group 
45  Sacrf-Ceemr  BM..  Hull  (QuOec).  Canada  KIA  0S7 


ISBN  92-836-1004-0 


